









The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 
 
Published by the University of Cape Town (UCT) in terms 



























ECOPHYSIOLOGICAL STUDIES OF THREE SOUTH AFRICAN ULVA 
SPECIES FROM INTEGRATED SEAWEED/ABALONE AQUACULTURE 





Submitted in fulfilment of the requirements for the  
Doctor of Philosophy 
in the  
Faculty of Science  
at the University of Cape Town  
February 2011 
 
Supervisor:   Prof. John J. Bolton, University of Cape Town  
Co-Supervisor:  Associate Prof. Robert J. Anderson, University of Cape Town and 
















I declare that this thesis is my own, unaided work except for amino acid analysis that was 
carried out by the University of Cape Town, Cell and Molecular Department, Carbon and 
Nitrogen analysis that was carried out by the University of Cape Town, Chemistry 
Department and elemental and heavy metals that was carried out by the commercial feed 
laboratory (BEMLAB, analysis laboratory, Stellenbosch). 
This thesis has not been submitted in this or any form to another university. Where use has 
been made of the research of others, it has been duly acknowledged in the text. Experimental 
work discussed in this thesis was carried out under the supervision of Prof. J. J. Bolton of the 
Department of Botany, University of Cape Town and Assoc. Prof R. J. Anderson of 
UCT/Department of Agriculture, Fishereies and Foresty.  
____________________ 
Diina Shuuluka






















This thesis is dedicated to my parents and grandmother 















TABLE OF CONTENTS 
TITLE PAGE ..........................................................................................................................I  
DECLARATION ………………………………………………………………....................II  
DEDICATION ………………………………………………………………......................III  
TABLE OF CONTENTS......................................................................................................IV  
LIST OF FIGURES …………………………………………………….………….............IX  
LIST OF TABLES ………………………………………………………………...............XV 




Chapter 1 ........................................................................................................................... 1 
General Introduction ........................................................................................................... 1 
1.1    The genus Ulva .......................................................................................................... 1 
1.2.  The biogeographical distribution of Ulva ................................................................ 3 
1.3  Life history of Ulva ................................................................................................. 5 
1.4  Ulva mariculture in South Africa ............................................................................ 8 
1.5 Ulva as feed for aquatic animals ................................................................................. 10 
1.6  Factors affecting Ulva growth ............................................................................... 11 
1.6.1  Salinity ............................................................................................................... 12 
1.6.2  Light ................................................................................................................... 13 
1.6.3  Light quality ....................................................................................................... 14 
1.6.4  Temperature ....................................................................................................... 15 
1.6.5 Nitrogen ............................................................................................................. 18 
1.6.6  Phosphorus ......................................................................................................... 20 
1.7 Pigments ................................................................................................................ 20 
1.8  Photosynthesis ....................................................................................................... 22 
1.10 Accumulation of metals ......................................................................................... 25 
1.11    Amino acid composition ........................................................................................ 27 
1.12    Protein content in Ulva and nitrogen to protein conversion factor ........................ 28 
1.13    Effect of epiphytes and diseases on Ulva cultivation ............................................ 30 
1.14 Background of the study ........................................................................................ 31 
1.15    Collection sites and Ulva species used in the research project .............................. 35 
1.16    Aims of this study .................................................................................................. 37 
Chapter 2 ............................................................................................................................. 41 
Effects of irradiance, light quality, temperature, salinity and nutrients on the growth rate of 















2.1  Introduction ........................................................................................................... 41 
2.2 Materials and Methods .......................................................................................... 48 
2.2.1   Plant collection ...................................................................................................... 48 
2.2.2 Culture methods ................................................................................................. 49 
2.2.2.1 Irradiance, salinity, temperature and light quality experiments ......................... 49 
2.2.2.2 Nitrogen and phosphate experiments ................................................................. 50 
2.2.2.3  Growth measurements ...................................................................................... 50 
2.2.3 Statistical analysis .............................................................................................. 51 
2.3 Results ................................................................................................................... 51 
2.3.1 Effect of salinity on growth ............................................................................... 51 
2.3.2 Effect of irradiance on growth ........................................................................... 53 
2.3.3 Effect of light quality on growth ........................................................................ 54 
2.3.4 Effect of temperature on growth ........................................................................ 55 
2.3.5 Effect of nutrient enrichment on growth ............................................................ 56 
2.3.6 Optimum growth parameters ............................................................................. 59 
2.4 Discussion .............................................................................................................. 60 
Chapter 3 ............................................................................................................................. 71 
Seasonal variation in photosynthetic production in intertidal Ulva capensis and Ulva rigida 
from the west coast of South Africa ..................................................................................... 71 
3.1 Introduction ........................................................................................................... 71 
3.2 Materials and Methods .......................................................................................... 73 
3.2.1 Collecting site .................................................................................................... 73 
3.2.2  Tissue preparation and photosynthesis measurements ...................................... 74 
3.2.3       Statistical analysis.............................................................................................. 76 
3.3 Results ................................................................................................................... 77 
3.4 Discussion .............................................................................................................. 80 
Chapter 4 ............................................................................................................................. 83 
Productivity and species dominance of Ulva in outdoor culture raceways at Irvin & 
Johnson abalone farm ........................................................................................................... 83 
4.1 Introduction ........................................................................................................... 83 
4.2 Materials and Methods .......................................................................................... 87 
4.2.1  System description ............................................................................................. 87 
4.2.3  Ulva production ................................................................................................. 89 















4.2.5  Physico-chemical measurements ...................................................................... 91 
4.2.6  Statistics ............................................................................................................ 91 
4.3  Results ................................................................................................................... 92 
4.3.1  Annual physico-chemical parameters ................................................................ 92 
4.3.2  Ulva production ................................................................................................. 97 
4.3.3  Species proportions in the raceways ............................................................... 101 
4.4 Discussion ............................................................................................................ 103 
Chapter 5 ........................................................................................................................... 108 
Infection of farmed Ulva with the epiphyte Myrionema strangulans: dependence of 
recovery on dissolved ......................................................................................................... 108 
5.1  Introduction ......................................................................................................... 108 
5.2 Materials and Methods ........................................................................................ 110 
5.2.1 Collecting site .................................................................................................. 110 
5.2.2 Ulva tissue nitrogen, carbon and crude protein content ................................... 110 
5.2.3  Experimental design........................................................................................ 111 
5.2.4       Estimation of Nitrogen concentration in farm raceways ................................. 112 
5.2.5 Data treatment and statistical analysis ............................................................. 113 
5.3 Results ................................................................................................................. 113 
5.3.1 Prevalence and severity of infection ................................................................ 113 
5.3.2 Tissue Carbon, Nitrogen and C: N ratio .......................................................... 116 
5.3.3 Change in number of epiphyte spots on Ulva thallus discs ............................. 118 
5.4 Discussion ............................................................................................................ 120 
Chapter 6 ........................................................................................................................... 124 
Bioaccumulation of heavy metals by Ulva from natural populations and from an integrated 
aquaculture system ............................................................................................................. 124 
6.1 Introduction ......................................................................................................... 124 
6.2 Materials and Methods ........................................................................................ 129 
6.2.1. Sampling sites .................................................................................................. 129 
6.2.2 Sampling methods ............................................................................................ 129 
6.2.3 Analytical measurements ................................................................................. 130 
6.2.4  Statistical analysis ............................................................................................ 130 
6.3 Results ................................................................................................................. 131 
6.3.1 Heavy metal content ........................................................................................ 131 















6.3.2.1  Principal component analysis ....................................................................... 134 
6.3.2.2    Cluster analysis ............................................................................................. 136 
6.4  Discussion ............................................................................................................ 141 
Chapter 7 ........................................................................................................................... 145 
Seasonal variation in chemical composition and mineral content of wild and cultivated 
Ulva .................................................................................................................................... 145 
7.1 Introduction ......................................................................................................... 145 
7.2 Materials and Methods ........................................................................................ 149 
7.2.1 Preparation of Ulva samples for chemical analysis ......................................... 149 
7.2.2 Macro- and microelement analysis .................................................................. 150 
7.2.3 Crude fibre analysis (Lignocellulose complex) ............................................... 151 
7.2.4 Total carotenoid content .................................................................................. 152 
7.2.5 Moisture content .............................................................................................. 152 
7.2.6 Ash content ...................................................................................................... 153 
7.2.7 Statistical analysis ............................................................................................ 153 
7.3 Results ................................................................................................................. 153 
7.3.1 Moisture content .............................................................................................. 155 
7.3.2 Ash content ...................................................................................................... 156 
7.3.3 Crude fibre content .......................................................................................... 157 
7.3.5 Carbon content ................................................................................................. 159 
7.3.6 Nitrogen content............................................................................................... 159 
7.3.7 C: N ratios ........................................................................................................ 160 
7.3.8 Phosphorus content .......................................................................................... 162 
7.3.9 Potassium content ............................................................................................ 162 
7.3.10 Calcium content ............................................................................................... 163 
7.3.11 Magnesium content .......................................................................................... 164 
7.3.12  Manganese content.......................................................................................... 165 
7.3.13 Iron content ...................................................................................................... 166 
7.3.14 Copper content ................................................................................................. 167 
7.3.15 Zinc content ..................................................................................................... 168 
7.3.16 Boron content ................................................................................................... 169 

















Chapter 8 ........................................................................................................................... 176 
Protein content, amino acid composition and calculation of nitrogen-to-protein conversion 
factors of U. rigida and U. capensis from natural populations and aquaculture ............... 176 
8.1 Introduction ......................................................................................................... 176 
8.2 Materials and Methods ........................................................................................ 180 
8.2.1 Sample collection ............................................................................................. 180 
8.2.2 Direct protein measurement and calibration curve .......................................... 180 
8.2.3 Extraction of protein ........................................................................................ 181 
8.2.4 Nitrogen analysis ............................................................................................. 181 
8.2.5 Amino acid analysis ......................................................................................... 181 
8.2.6 Calculation of nitrogen-to-protein conversion factors ..................................... 182 
8.2.7 Statistical analysis ............................................................................................ 183 
8.3 Results ................................................................................................................. 184 
8.3.1 Calibration curves ............................................................................................ 184 
8.3.2 Protein content by Bradford method and N x 6.25 .......................................... 185 
8.3.3 Amino acid composition .................................................................................. 188 
8.4 Discussion ............................................................................................................ 195 
Chapter 9 ........................................................................................................................... 201 
General Discussion ............................................................................................................. 201 




























LIST OF FIGURES 
Figure 1.1:  The life history of Ulva...........................................................................................7 
Figure 1.2:  Map of South Africa showing the Seaweed Concession areas (Anderson et al. 
2003). Areas 1, and 20-23 is where Gelidium is currently collected. Kelp is collected in areas 
5-9, 11-16 and 18-19. No seaweed is collected from areas 2-4, 10, 20, 22, and 23. Lines 
separate concession areas.........................................................................................................34 
Figure 2.1: Effect of salinity levels on the specific growth rate of U. rigida, U. capensis and 
U. lactuca grown at 15 
o




. Growth measurements were taken after 15 
days of experimental treatment................................................................................................52 
Figure 2.2: Effect of irradiance on the specific growth rate of U. rigida, U. capensis and U. 
lactuca grown at 15 
o
C. Growth measurements were taken after 15 days of experimental 
treatment...................................................................................................................................53 
Figure 2.3: Polynomial function of irradiance on the specific growth rate of U. rigida, U. 
capensis and U. lactuca grown at 15 
o
C. Growth measurements were taken after 15 days of 
experimental treatment.............................................................................................................54 
Figure 2.4: Effect of light quality on the specific growth rate of U. rigida, U. capensis and U. 
lactuca grown at 15 
o




. Growth measurements were taken after 
15 days of experimental treatment...........................................................................................55 
Figure 2.5: Effect of temperature on the specific growth rate of U. rigida, U. capensis and U. 




. Growth measurements were taken after 15 days of 
experimental treatment.............................................................................................................56 
Figure 2.6: Effect of nitrogen (A. ammonium and B. nitrate concentrations) on the specific 
growth rate of U. rigida, U. capensis and U. lactuca grown at 15 
o




















Figure 2.7: Effect of phosphate concentrations on the specific growth rate of U. rigida, U. 
capensis and U. lactuca grown at 15 
o




. Growth measurements were 
taken after 15 days of experimental treatment.........................................................................60 
Figure 3.1:  Diagram illustrating equipment used for photosynthesis measurements. The 
copper coil contained cooled water pumped from a controlled temperature bath...................76 
Figure 3.2: Photosynthesis-Irradiance curve for U. rigida and U. capensis during A: autumn; 
B: winter; C: spring and D: summer........................................................................................78  
Figure 3.3: Seasonal variations of the parameters of photosynthesis-irradiance (P-I) curves; 
A: Pmax (maximum photosynthetic rate); B: Ik (irradiance saturation); C: α (photosynthetic 
efficiency) and D: Rd (dark respiration 
rate)………………………………………..............................................................................79 
Figure 4.1: The integrated aquaculture system at I & J farm...................................................88 
Figure 4.2: Monthly average light intensity of the raceway ponds for 2008 and 2009 at I & J 
farm. From the left, Bar 1 shows where shading ended and Bar 2 shows where shading 
started.......................................................................................................................................93 
Figure 4.3: Monthly average water temperature of the raceway ponds for A.  2008 and B. 
2009 at I & J farm....................................................................................................................94 
Figure 4.4: Monthly average dissolved oxygen in the raceway ponds water for A.  2008 and 
B. 2009 at I & J farm................................................................................................................95 
Figure 4.5: Monthly average water pH in the raceway ponds for A.  2008 and B. 2009 at I & J 
farm..........................................................................................................................................96 
Figure 4.6: Monthly production of Ulva per working raceway pond at I & J Abalone Farm 
















Figure 4.7: Monthly average production of Ulva per working raceway ponds at I & J Abalone 
Farm from January 2008 to December 2009............................................................................99  
Figure 4.8: Proportion of U. lactuca and U. rigida in the culture raceways during Jan 2008 to 
Nov 2008 and Feb 2009 to Aug 2009.  From the left Bar 1 shows where shading ended and 
Bar 2 shows where shading started........................................................................................102  
Figure 4.9: Correlation between percentage by weight of U. lactuca in the raceways and 
average monthly light intensity during Jan 2008 to Nov 2008 and Feb 2009 to Aug 
2009........................................................................................................................................103 
Figure 5.1: A. Infection severity (cover scale) and B. prevalence (% infected thalli) of the 
epiphyte, M. strangulans on Ulva grown raceways in abalone effluent at I & J farm...........114 
Fig 5.2 a-e:  a) M. strangulans covers the Ulva thallus in the area where it grows, b) This 
leads to a weakening of the Ulva thallus and the thallus becomes light in colour and thinner, 
c) Circular spots increase in size and number and early tissue degradation could be noticed 
with the appearance of tiny perforations around the centre of the circular spots, d) Further 
progression leads to the joining of such perforations and eventually to disintegration of the 
thallus. e) Although the filamentous thalli of M .strangulans appeared to be clearly in contact 
with the cell wall of Ulva, they were never observed penetrating Ulva cells However, due to 
some unknown processes, M. strangulans infection seems to be associated with destruction of 
Ulva cells in the area directly affected...................................................................................115  
Fig 5.3:  Tissue C: N ratio of Ulva infected with Myrionema strangulans (brown spots) 
during October – November 2007..........................................................................................116 
Figure 5.4:  Tissue Carbon and Nitrogen content of Ulva infected with Myrionema 















Figure 5.5: Change in number of Myrionema strangulans (brown spots) on Ulva discs 
cultured in seawater, 1/15 Provasoli medium and 1/3 Provasoli medium under varying 
irradiances..............................................................................................................................119 
Figure 6.1: Mean (± SE) lead concentrations in Ulva species from the natural population at 
Kommetjie and Ulva species from culture raceways at I & J farm........................................132 
Figure 6.2: Mean (± SE) mercury concentrations in Ulva species from the natural population 
at Kommetjie and Ulva species from culture raceways at I & J farm....................................132  
Figure 6.3: Mean (± SE) cadmium concentrations of Ulva species from natural populations at 
Kommetjie and from culture raceways at I & J farm.............................................................133  
Figure 6.4: Mean (± SE) arsenic concentrations in Ulva species from the natural population at 
Kommetjie and Ulva species from culture raceways at I & J farm........................................133  
Figure 6.5: Principal Component Analysis for the monthly variation in heavy metal 
concentration (Hg, Pb, As and Cd) in Ulva species from the natural population of Kommetjie 
and Ulva species from culture raceways of I & J farm..........................................................135   
Figure 6.6: Dendrogram obtained using auto-scaled data and the Ward grouping 
method....................................................................................................................................136 
Figure 6.7: Scatter plots of farmed U.lactuca showing correlation of each metal against other 
metals.....................................................................................................................................137 
Figure 6.8: Scatter plots of farmed U. rigida showing correlation of each metal against other 
metals.....................................................................................................................................138  
















Figure 6.10: Scatter plots of wild U. capensis showing correlation of each metal against other 
metals.....................................................................................................................................140 
Figure 7.1: Monthly water content of U. capensis and U. rigida collected from Kommetjie 
and U. lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent) 
................................................................................................................................................155 
Figure  7.2: Monthly ash content of U. capensis and U. rigida collected from Kommetjie and 
U. lactuca and U. rigida from I & J farm (grown in aquaculture effluent)...........................156  
Figure 7.3: Monthly crude fibre content of U. capensis and U. rigida collected from 
Kommetjie and   U. lactuca and U. rigida collected from I & J farm (growing in aquaculture 
effluent)..................................................................................................................................157  
Figure 7.4: Monthly total carotenoid content of U. capensis and U. rigida collected from 
Kommetjie and U. lactuca and U. rigida collected from I & J farm (growing in aquaculture 
effluent) .................................................................................................................................159 
Figure 7.5: Monthly C: N ratios, nitrogen and carbon content of U. capensis and U. rigida 
collected from Kommetjie and U. lactuca and U. rigida collected from I & J farm (growing 
in aquaculture effluent)..........................................................................................................161 
Figure 7.6: Phosphorus content of U. capensis and U. rigida collected from Kommetjie and 
U. lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent).........162 
Figure 7.7: Potassium content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent)..............163 
Figure 7.8: Calcium content of U. capensis and U. rigida collected from Kommetjie and 















Figure 7.9: Magnesium content of U. capensis and U. rigida collected from Kommetjie and 
U. lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent).........165 
Figure 7.10: Manganese content of U. capensis and U. rigida collected at Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent)..............166 
Figure 7.11: Iron content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent)..............167 
Figure 7.12: Copper content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent)..............168 
Figure 7.13: Zinc content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent)..............169 
Figure 7.14: Boron content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent)..............170 
Figure 8.1: Absorbance versus protein (BSA) concentration standard curves.......................184 
Figure 8.2: Monthly quantification of protein content by Bradford method in wild U. capensis 
and U. rigida.........................................................................................................................185 
Figure 8.3: Biweekly quantification of protein content by Bradford method of both farmed U. 
lactuca and U. rigida over a 15-month period.......................................................................186  
Figure 8.4:  Monthly crude protein content of U. capensis and U. rigida collected from the 
natural populations at Kommetjie..........................................................................................187 
Figure 8.5: Monthly crude protein content of U. lactuca and U. rigida collected from an 

















LIST OF TABLES 
Table 2.1: Descriptions of the investigated specimens............................................................46 
Table 2.2: Environmental parameters found to promote the highest growth rates of three Ulva 
species in laboratory culture.....................................................................................................60 




) for photosynthesis and growth..................80 
Table 4.1:  I & J raceway pond dimensions and stocking values.............................................89 
Table 4.2: Average SGR (% wwt.day
-1
) of Ulva production per working raceway pond at I & 
J farm over four seasons.........................................................................................................100 
Table 4.3: Average SGR (% wwt.day
-1
) of Ulva per working raceway pond at I & J farm 
obtained in each year for each season....................................................................................101 
Table 5.1: Dissolved Nitrogen concentration of culture media used in the experiment........111  
Table 6.1: Comparison of heavy metal concentrations in Ulva species reported by different 
authors....................................................................................................................................128 
Table 6.2: The average heavy metal content of three Ulva species for the analysed 
months....................................................................................................................................134 
Table 7.1:  Averages and standard errors of chemical constituents, crude fibre, water and total 
carotenoids content for Ulva samples from the farm and natural population........................154 
Table 7.2: Comparisons of mean crude fibre obtained for wild and farmed Ulva species to 
other crops..............................................................................................................................158 
Table 8.1: Total amino acid of wild and farmed Ulva species (in g amino acid/100 g 
protein)...................................................................................................................................190 
Table 8.2: Nitrogen content and conversion factors...............................................................191 
Table 8.3: Contents of Essential Amino Acids (g/100 g DW) in some vegetables and the 















Table 8.4: Nitrogen (N) contents of Ulva (g/100 g DW); Crude protein (CP); Nitrogen to 
protein factor (NP factor); Net protein (NP); Percentage difference between crude protein 
contents and protein content from N x specific N-Prot factor (difference %; CP -  
NP).........................................................................................................................................193 
Table 8.5: Essential amino acid profile of abalone whole soft tissue compared with that of 






























The following aspects of this thesis have been presented:  
 
CONFERENCE PRESENTATIONS:  
 
Diina Shuuluka, John J. Bolton, Robert J. Anderson and Michael S. Stekoll. Temporal 
variations in the nutritional value of wild and farmed South African Ulva species (Ulvales, 
chlorophyta). Presentation at Aquaculture Association of Southern Africa, Swakopmund, 
Namibia, 2009. 
Diina Shuuluka, John J. Bolton, Robert J. Anderson and Michael S. Stekoll. Ecophysiological 
traits and temporal variations in biochemical content in wild and farmed Ulva species, 
Presentation at Phycological Society of Southern Africa, Paternoster, Western Cape, South 
Africa, 2009. 
Diina Shuuluka, John J. Bolton, Robert J. Anderson and Michael S. Stekoll. Ecophysiological 
studies of a new aquaculture crop, Ulva capensis (Chlorophyta). Presentation at South 
African Marine Science Symposium, Cape Town, South Africa, 2008. 
Diina Shuuluka, John J. Bolton and Robert J. Anderson. Influence of Irradiance, Temperature 
and Nutrients on Growth and Photosynthesis of intertidal Ulva capensis (Chlorophyta) 
cultivated in the Laboratory. Presentation at Phycological Society of Southern Africa, 




J. J. Bolton, D. V. Robertson-Andersson, D. Shuuluka and L. Kandjengo. Growing Ulva 
(Chlorophyta) in integrated systems as a commercial crop for abalone feed in South Africa: a 


















I would like to thank several people whose help made this thesis a reality.  I am extremely 
fortunate to have conducted my study under able and enthusiastic supervisors, Prof. John J 
Bolton and Assoc. Prof. Robert J Anderson who readily answered my questions, kept their 
office doors open for spontaneous discussion, helped put ideas into my head, and for 
promptly correcting my drafts with thoroughness and preciseness. I thank them for sharing 
their experiences and knowledge in the area of seaweed ecology and physiology and indeed 
for granting me the chance of being their student.  I also thank Prof. Mike Stekoll for his 
consistent guidance and insightful comments on photosynthesis experiments, during his 
sabbatical stay at UCT. I wish to express my deep and sincere gratitude to Prof. Osmund 
Mwandemele for his valuable advice. His extensive discussions on the importance of 
pursuing my PhD studies have been very helpful.   
 
A big thank you to the people of Irvin and Johnson (I & J) farm, namely: Lawrence Ansara, 
Lize Schoonbie, and Luvuyo September for providing data and Ulva samples and to the 
driver, Mr. Michael, thank you for transporting the samples to our laboratory.  I thank Dr. 
Deborah Robertson-Andersson for good discussions on Ulva aquaculture and all lab 
members; most notably Steven Dlaza for his friendship and for always accompanying me in 
the collection of plants and Lineekela Kandjengo for our interesting discussions on the 
notorious taxonomy of Ulva. I would like to thank Mark Rothman, Chris Boothroyd and 
Derek Kemp for providing very helpful discussions and technical assistance, which has 
greatly improved my work.  I thank the staff and students of the Department of Botany for 
















I have sincere appreciation for Dr. Alexander Zawaira for his support, encouragements and 
motivation during my study: you pulled me through and I will never forget that. I am 
indebted to Prof. Edet Archibong for his inspirations, as he would always say to me; “with 
hardwork and persistence you will achieve all your aspirations in life”. To the entire staff at 
Sam Nujoma Marine and Coastal Resources Research Centre and all my friends, particularly 
Jacobina Nampila, Ileni Hiwilepo, Ndayambekwa Kafidi, Johanna Iiyambula and Martin 
Tjipute, thank you for your unwavering support. I would like to thank my family for 
encouraging me to face up to life with determination and humility to overcome the 
challenges. 
Finally, the realization of my goal was made possible thanks to the University of Namibia for 
granting me the study leave and for financial support from the Namibia Government 


























In South Africa, Ulva cultivation is of paramount importance to the marine aquaculture 
industry. Three local Ulva species (Ulva lactuca Linnaeus, Ulva rigida C. Agardh and Ulva 
capensis Areschoug) were selected for this research. The first two are currently cultivated on 
abalone farms for abalone feed and for use as bio-filters, and Ulva capensis was included 
because it is morphologically and biogeographically distinct from Ulva rigida in nature, 
despite the inability of molecular methods to separate them.  Ulva rigida was collected at I & 
J farm and from nature at Kommetjie on the southwest of the Cape Peninsula, and U. lactuca 
was exclusively collected from I & J farm because it could not be found at sites where it had 
previously been recorded.  Ulva capensis was   exclusively collected from Kommetjie as this 
morphological species has not been recorded on abalone farms.  The research also aimed to 
compare U. capensis with U. rigida on a variety of different measures, as molecular studies 
have suggested that they may represent a single polymorphic species. 
In the laboratory, the growth rate of Ulva species under a wide range of environmental 
conditions was investigated to determine if these species have different responses given that 
they are collected from different environments (west coast shore and aquaculture farm). Ulva. 




, whilst U. 




). All species had the 
same growth pattern with differing light quality, growing best in white, about half as fast in 
blue, and poorly in red and green light. All species grew fastest at 15
o 
C.  Ulva rigida and 
Ulva lactuca survived at 0 PSS salinity + Provasoli nutrients for 15 days while U. capensis 
plants died at salinities below 5 PSS after 6 days. Salinities of 25 – 30 PSS yielded the best 
growth rate for U. rigida whilst U. capensis and U. lactuca demonstrated highest growth in 
natural sea-water salinities of 35 PSS.  For all species maximal growth rates were recorded at 
21 µM NH4
+
.  Ulva capensis had maximal growth at 66 µM NO3
-
 whereas U. lactuca whilst 
U. rigida had maximal growth at 32.7 µM NO3
-
 . Ulva capensis and U. rigida had the 
maximal growth at 6.7 µM PO4
3-
 and U. lactuca at 12.9 µM PO4
3-
.  
This study also focused on comparing the photosynthesis of two closely related taxa which 
grow close together but in different habitats, and studying their temporal patterns of 
production. The photosynthetic characteristics of U. rigida and U. capensis varied seasonally, 















Ulva rigida had higher photosynthesis parameters (maximal photosynthetic rate, irradiance 
saturation photosynthetic efficiency and dark respiration rate) than U. capensis.  
In a semi-closed re-circulating integrated abalone/seaweed farm an Ulva production target 
had been initially proposed of 2.5 t per raceway pond per month in summer and 1.5 t per 
raceway pond per month in winter. Ulva production for 2008 was well below summer and 
winter targets while production for 2009 achieved the winter target but not the summer target. 
The set targets were not changed as they can be reachable with further modifications of light 
and/or nutrients in the system. Prior to this study raceway ponds were covered with 80% 
shade cloth during spring/summer to reduce epiphyte infection but such heavy shading during 
summer potentially reduces total production by reducing light. Our recommendation is  30 -
50% shade cloth in both summer and winter, allowing U. lactuca to dominate in summer 
during high irradiances, without growing too fast for the available nutrients, and also 
minimizing Myrionema infections and allowing U. rigida to d minate during low light 
conditions in winter. Laboratory experiments showed that infection of Ulva by Myrionema 
strangulans can be prevented even during high irradiances by providing sufficient nutrients. 
These results have been adopted at I & J farm and have become a valuable tool to help avoid 
infection and improve productivity of Ulva.  
 
This study examined the heavy metals Pb, Cd, Hg and As in all three Ulva species, as they 
are important potential pollutants in seaweeds for human nutrition and aquafeed. The levels 
of heavy metals (Pb, Cd, Hg and As) in Ulva species collected at Kommetjie were higher 
than in cultivated Ulva. All values measured fell below the limits set for heavy metals in 
France except the average values of cadmium in wild U. rigida and U. capensis. Although 
these Ulva species are generally safe for animal and human consumption, use of seaweed as 
abalone feed suggests that South Africa implement a systematic program of seaweed safety 
monitoring, with regulations on the maximum levels of pollutants in seaweeds 
commercialised for human and animal consumption. 
 
Temporal variation in nutritional quality, especially biochemical and mineral content of wild 
U. capensis and U. rigida and cultivated U. lactuca and U. rigida used as abalone feed was 
investigated. In the wild material, temporal changes in the contents of the various mineral 
elements were more gradual than in cultivated material, where changes were rapid and often 















increase during the late-winter to spring months. The farmed material generally had less ash 
(mineral) content than wild material.  The crude fibre content of wild and farmed Ulva 
species ranged from 3.11 to 5.71 % dry weight and was similar to that of soy meal.  Farmed 
Ulva species had higher carotenoids contents than wild species (inversely related to nitrogen 
level). The C:N ratio for both wild and farmed Ulva species ranged from 7.9 to 15.7, 
indicating that these species contain sufficient N for an animal diet.  U. rigida and U. 
capensis had slight but significant differences in their chemical composition and mineral 
content.  
 
Temporal variation in amino acid composition of wild and farmed Ulva was studied, and 
nitrogen to protein conversion factors for wild U. capensis (5.58) and U. rigida (5.12) as well 
as farmed U. lactuca (5.65) was established. An average N-Prot factor of 5.45 provides a 
more accurate estimate of the protein content of the Ulva species studied. There were no 
temporal variations in the amino acid content for all species, although the amino acid profile 
of U. capensis showed no cysteine, whereas U. rigida and U. lactuca had cysteine during all 
the analysed months. In all species the values of crude proteins were always significantly 
higher (by 58.9 -77.1%) than the protein contents directly determined by the Bradford 
method.  
 
The findings of this thesis will help Ulva farmers (e.g. at I&J farm) to improve their 
cultivation methods in terms of productivity, nutritional quality, seasonal species preference 
and the control of epiphytes.  The generally similar seasonal nutritional profiles of Ulva 
species in the present study are of great benefit for using Ulva as feed as its nutritional quality 
is consistent. In addition, the findings on the ecophysiology of U. capensis and U. rigida will 
complement the molecular studies of these two species which have different habitats and 
















Chapter 1  
General Introduction 
1.1    The genus Ulva                                                                                                                                                                                                           
The genus Ulva was described by Linnaeus in 1753 together with three other genera Fucus, 
Conferva and Chara. Ulva was later confined to consist of green seaweeds with distromatic 
blades, and Enteromorpha Link was recognized for tubular forms (Hayden et al., 2003). 
Hayden et al. (2003) determined the phylogenetic relationships among taxa currently 
recognized as Ulva, Enteromorpha, Umbraulva Bae et I.K. Lee and the monotypic genus 
Chloropelta C.E. Tanner. Findings of these authors, by DNA analysis combined with earlier 
molecular and culture data, gave strong evidence that Ulva, Enteromorpha and Chloropelta 
are not distinct evolutionary entities and should not be recognized as separate genera. 
Furthermore, since Ulva is the oldest name, Enteromorpha and Chloropelta were reduced to 
synonymy with Ulva (Hayden et al., 2003). Although Ulva now includes distromatic and 
monostromatic tubular forms, all the species used in the present study are distromatic forms 
(two cells thick).  
From www.algaebase.org, Ulva belongs to the order Ulvales and family Ulvaceae; there are 
557 species names in the database including synonyms, of which 97 are currently accepted 
taxonomically.  There are 8 families in the order Ulvales including Ulvaceae and 11 genera in 
the family Ulvaceae including Ulva. The macroalgae in the family Ulvaceae are well known 
for their simple morphology, which partially contributed to the difficulties encountered in 
their identification (Silva et al., 1996). In addition, species of Ulva are known to display a 
high degree of physiological and morphological plasticity in a wide variety of environments 
(Lobban and Harrison, 1997). Morphological and cytological characteristics that are used to 
identify species are not always consistent since they vary with season, wave energy, latitude 















Tanner, 1986; Woolcott and King, 1999). For instance, wave energy was found to cause 
stunted growth in U. fasciata (Mshigeni and Kajumulo, 1979) and U. fenestrata (Titlyanov et 
al., 1975) as well as affecting the size and morphology of U. californica (Tanner, 1986). 
Provasoli and Pintner (1980) showed that Ulva lactuca plants had an atypical “pincushion” 
morphology when grown axenically. When these unusual forms were exposed to bacteria, the 
plants reverted to a normal “foliaceous” morphology. Similar effects on morphology have 
also been observed when bacteria are excluded from cultures of U. linza and U. compressa 
(Fries, 1975) and Ulva pertusa (Nakanishi et al., 1996). Therefore, due to all these 
shortcomings with identification based on morphological characteristics only, the application 
of molecular techniques in addition to detailed morphological characteristics has been found 
to provide more reliable results. The use of molecular data is more feasible because it 
represents the genotype rather than the phenotype (John and Maggs, 1997). Recently, nuclear 
ribosomal DNA internal transcribed spacer (ITS) sequences have been used for the 
identification of Ulva species (Coat et al., 1998; Malta et al., 1999) and these rDNA data can 
be used for comparison among Ulva species (Blomster, 1998). 
 
The taxonomy of Ulva species from the west coast of South Africa has been studied by Joska 
(1992) and documented by Stegenga et al. (1997). The latter authors provide descriptions of 
five species for the region: U. capensis, U. fasciata, U. lactuca, U. rigida, U. unicialis and U. 
rhacodes. The species of Ulva are recognised based on morphological and anatomical 
features. A study by Kandjengo (2003) was the first to investigate the taxonomy of local Ulva 
species at a molecular level, and the results from his study have provided more insights on 
the taxonomic status of the local Ulva species. It emerged that there are more Ulva species 
than previously documented and suggested that some of these species may have been 















reported that there is no difference between U. capensis and U. rigida according to ITS 
analysis and it was clearly shown by TCS analysis that these species could be haplotypes of a 
single genetically diverse species. TCS is a computer program designed by Templeton et al. 
(1992) to estimate gene genealogies for closely related species, those that produced 
polytomies under maximum parsimony. The TCS software program is more suitable for 
population level analyses (Clement et al., 2000). The program treats taxa as haplotypes and a 
network of clusters is produced or else if distantly related taxa the “haplotypes” are not 
joined. The resulting graph also clearly indicates the number of steps connecting two 
haplotypes (Clement et al., 2000). 
Ulva is an opportunistic genus that is typically found in intertidal and estuarine habitats 
(Adams, 1994; Blomster et al., 1998) and it has a wide variety of growth strategies (Vermaat 
and Sand-Jensen, 1987). Several characteristics enable species of Ulva to dominate a variable 
environment: they are both euryhaline and eurythermal, and desiccation and temperature-
tolerant (Vermaat and Sand-Jensen, 1987; Fong and Zedler, 1993; Poole and Raven, 1997; 
Fong et al., 1998). A new species of freshwater Ulva, Ulva limnetica has been recorded from 
the Ryukyu Islands, Japan (Ichihara et al., 2009), the first record of freshwater distromatic 
Ulva. Furthermore, in comparison with most other macroalgae, Ulva is fast growing 
(Björnsäter and Wheeler, 1990), has a high SA: V ratio (Rosenberg and Ramus, 1984; Taylor 
et al., 1998; Taylor et al., 1999), has high rates of ammonium uptake (Fujita, 1985; Thomas 
and Harrison, 1985; Taylor et al., 1998; Taylor et al., 1999) as well as high photosynthetic 
performance (Litter, 1980).   
 
1.2.  The biogeographical distribution of Ulva 
Factors such as temperature regime of habitat and temperature requirements for growth, 















benthic algae (van den Hoek 1982a, b; Lüning 1984; Bolton 1986; Breeman 1988). The 
genus Ulva is well known for its wide distributions from marine to fresh water all over the 
world (van den Hoek et al., 1995). Most of the species in the genus are found in near-shore 
marine and estuarine waters, upper to mid- intertidal (eulittoral and supralittoral zones), and 
in some locations may be found in the subtidal zones. They are normally epilithic but some 
species, such as Ulva rhacodes, may be epiphytic (Stegenga et al., 1997). Ulva species often 
form extensive mats in highly dynamic environments, for instance where the rocks or 
boulders are frequently covered and then uncovered by shifting sands in the intertidal zone 
(Dickinson, 1963). 
Due to the difficulties in the identification of members of this genus, many species names 
have been misapplied (Silva et al., 1996) and this has resulted in artificially inflated ranges 
for many of the species. According to Stephenson (1948), Silva et al. (1996) and Stegenga et 
al. (1997), U. lactuca Linnaeus is a good example of a species name that has often been 
misapplied. The records of U. lactuca Linnaeus, shows this species to have a wide 
distribution from Arctic, Ireland, Europe, Atlantic Islands, North America, Central America, 
South America, Africa, Indian Ocean Islands, Asia, South-east Asia, Australia and New 
Zealand, Pacific Islands, Antarctic and subantarctic (www.algaebase.org). Thus, Stegenga et 
al. (1997) suggested that most records are probably not correct and there is molecular 
evidence that South African U. lactuca is not genetically identical to the original European U. 
lactuca (Kandjengo, PhD unpublished data). In addition, currently three species of Ulva are 
being grown commercially in South Africa. At Irvin & Johnson (I & J) farm, one of the 
species is called U. lactuca but isn’t, one is called U. rigida but cannot be separated from U. 
capensis by ITS, and the other species grown at Wild Coast abalone currently has no name. 















never the U. capensis morphology (sensu Stegenga et al., 1997) and these two species grow 
together on the west coast, and their morphologies appear distinct in nature.  
 
1.3  Life history of Ulva 
Species of the genus Ulva generally colonise open substrates and are often considered fouling 
organisms. This ecological role is a characteristic of their simple adult morphology and their 
fecundity (Beach et al., 1995). Carter and Anderson (1991) showed that in the lower 
eulittoral zone at Port Alfred (South African south coast), Ulva rigida was always the first 
macroalga to colonise cleared rock from which limpets had been excluded. Furthermore, Dye 
(1993) obtained similar results on the South African southeast coast (Transkei): cleared areas 
were rapidly colonized by species of the genera Ulva, Ralfsia and Iyengaria. Spores and 
gametes of Ulva species are known to have a net carbon balance which provides for the 
energy needs of unicells for motility (Beach et al., 1995). Moreover, during warmer months, 
a significant portion of U. lactuca’s biomass is allocated to the formation of zoospores and 
gametes (Niesenbaum, 1988). In nature Ulva can take 3–4 months to attain maximum size 
(Oza and Rao, 1977). However, this time may be shorter in upwelling areas, since Ulva has 
higher nitrogen uptake rates (Duke et al., 1989; Pedersen and Borum, 1997) and higher 
growth rates when compared to perennial species. The typical life history of Ulva is 
composed of two isomorphic generations: a haploid gametophyte and a diploid sporophyte 
(Raven et al., 1992; Lobban and Harrison, 1997). Both haploid and diploid phases are 
multicellular and vegetative (Fig.1.1) (van den Hoek et al., 1995).  
Another form of reproduction that is common in the Ulvaceae is parthenogenesis whereby 
gametes develop into parthenosporophytes (Tanner, 1981; van de Hoek et al., 1995). 
Multiplication of the plants by vegetative fragmentation is also very common in this group 















environmental factors, such as nutrients and tidal regime. Under rich supplies of nitrate Ulva 
fasciata shows fast sporogenesis and sporulation (Mohsen et al., 1974). In addition, 
temperatures below 20
◦
C favor the production of gametophytes (Mohsen et al., 1974). Algal 
reproduction is also affected by light as has been shown in a variety of algal species (Lüning, 
1981; 1990). Light of different wavelengths has been reported to influence macroalgal 
reproduction (Dring, 1988). In Ulva lactuca, the degree of sporulation was almost twice as 
much in blue or red as in green light (Lüning and Dring, 1985). In addition, spore release in 
intertidal Ulva species is driven by tidal/ lunar rhythms (Smith 1947, Christie and Evans 
1962, Lüning, 1990). For instance, Lüning et al. (2008) showed that under constant 
conditions in the laboratory a free running rhythm was observed, with reproductive peaks of 
U. pseudocurvata appearing approximately every 7 days. However, when artificial moonlight 
was provided every 4 weeks, fewer reproductive events occurred and the reproductive rhythm 


















Figure 1.1:  The life history of Ulva. (a, a’) Flat blade-like gametophytes. (b, b’) Division of the cell contents 
into biflagellate gametes; these are unequal, copulation being anisogamous. (c) Female gametes. (c’) Male 
gametes. (d) Anisogamous copulation. (e) Quadriflagellate planozygote. (f) Uniseriate filamentous germling of 
sporophyte generation attached via branched rhizoids. (g) Tubular germling of sporophyte generation. (h) Fully 
developed blade-like sporophyte (diploid). (i) Meiotic division of sporophyte cells to form haploid 
quadriflagellate zoids (meiospores). (j, j’) Quadriflagellate meiospores. (k, k’) Uniseriate filamentous germlings 
of the female and male gametophytes. (l, l’) Tubular germlings of the female and male gametophytes. F! = 















1.4  Ulva mariculture in South Africa 
Interest in seaweeds as novel foods with potential nutritional benefits (Darcy-Vrillon, 1993), 
and animal fodder (Davies et al., 1997) is expanding. This interest has led to the development 
of extensive mariculture systems for seaweeds in the ocean, ponds and also intensive land 
based systems using tanks (Lignell et al., 1987). Cultivation techniques are being improved 
with the main objective of obtaining higher algal biomass that exhibits specific qualities 
(Lobban and Harrison, 1994). In South Africa, shortages of algal derived colloids during 
World War II sparked interest into commercialization of seaweeds (Isaac, 1942; 1953; Isaac 
and Molteno, 1953; Anderson et al. 1989; Critchley et al. 1998, Anderson et al., 2003a) and 
most of the seaweed resource used is based on material from the wild (Critchley and 
Rotmann, 1991). Unfortunately, the exposed nature of the South African coastline makes it 
difficult to cultivate seaweeds in open-water systems, except in a few protected bays (Aken et 
al., 1992; Wakibia et al., 2001). However, since the late 1990’s seaweed mariculture 
experiments were carried out using Gracilaria on an experimental sub-surface raft at 
Saldanha Bay (Anderson et al., 1996) based on the methods developed at Luderitz Bay, 
Namibia (Rotmann, 1987; Dawes, 1995). 
Recently, seaweed demand has increased with the rapid development of the South Africa 
abalone industry, since seaweed (harvested wild kelp) initially formed the primary diet of the 
farmed abalone and is still the main diet on many farms. Unfortunately, harvest of wild kelp 
(Ecklonia maxima and Laminaria pallida) for abalone feed is now approaching limits of 
sustainable harvesting in kelp concession areas where abalone farms are concentrated 
(Robertson-Andersson, 2007). Thus, in situ cultivation of seaweed on the farms is desirable 
in order to deal with growing requirements of feed, and this has led to the initiation of 
collaborative research projects on the mariculture of various seaweeds in South Africa (Troell 















More recently, according to Bolton et al. (2008), Wild Coast Abalone farm (at Haga Haga 
near East London on the southeast coast) has become a world leader in Ulva cultivation, and 
the current estimated figure of Ulva cultivation in South Africa is about 1,100 tonnes wet 
weight per annum. This farm grows most of the South Africa’s Ulva and a main impetus for 
this culture was the lack of available kelp in the East London region. In early 2006, an 
integrated abalone/Ulva system with partial re-circulation was set up at a farm on the 
southwest coast (Irvin & Johnson West Coast Abalone in Gansbaai). This system has been 
running commercially since January 2006 (Robertson-Andersson et al., 2008). Currently, the 
seaweeds cultivated on local abalone-seaweed farms are mainly Ulva species and at least four 
of different species are being cultivated (Bolton et al., 2008). A study by Bolton et al. (2008) 
discussed in details the benefits and drawbacks of Ulva cultivation in South Africa. The local 
cultivation of Ulva has proven successful so far, and the flow-through systems at Wild Coast 
Abalone (Haga Haga) farm produce about 2 t of Ulva per working day throughout the year, in 
a series of 32 large-scale ponds growing seaweed in effluent from the flow-through abalone 
tanks (Bolton et al., 2008). At I & J farm, the semi-closed seaweed integrated 
seaweed/abalone system comprises a platform with tanks of abalone connected to four 
seaweed raceways. The nutrient-rich effluent water from the abalone tanks passes through the 
seaweed raceways where most of the nutrients are absorbed by the seaweed Ulva spp. 
(Bolton et al., 2008). The recirculation rate in the system at the time of the present study was 
about 67%, with about 360 m
3
 of fresh seawater and 720 m
3
 of re-circulated water being 

















1.5 Ulva as feed for aquatic animals 
The long-term sustainability of aquaculture may be threatened by its present over-dependence 
on fish meal and fish oil (FAO, 2002). Therefore during these last decades efforts have been 
made to evaluate the potential of alternative protein sources in aquafeeds (Alexis, 1997).  
Studies on the diet performance on snakehead fish (Channa striatus) showed that the 
incorporation of 5% Ulva spp. into the formulated diet resulted in increased growth rate, feed 
efficiency and feed consumption, but the same level of Gracilaria spp. had no significant 
effect on those parameters (Hashim and Mat Saat, 1992). A study by Valente et al. (2006) 
suggested that the inclusion of up to 10% of G. bursa-pastoris and U. rigida in a fish-
formulated diet can be considered as very useful for sea bass juveniles, as no negative 
consequences on growth performance, nutrient utilization or body composition were 
observed. Moreover, Cruz-Suarez et al. (2009) showed that the Ulva intake by shrimp 
improved the artificial feed conversion ratio and the growth rate. 
 
Abalones (Haliotis spp) are herbivorous invertebrates that naturally feed on macroalgae 
(Sales and Britz, 2001) and are sometimes referred to as algivorous animals (Shpigel et al., 
1999). A variety of seaweeds are naturally consumed by abalone (Britz, 1995) and kelp forms 
the primary food source for these animals on the west coast of South Africa (Rosen et al., 
2000). The growing abalone industry depends on a steady supply of feed resources.  In South 
Africa fresh seaweeds are being used as abalone feed in conjuction with the formulated feeds: 
these seaweeds include Ecklonia and Laminaria, Ulva and Gracilaria.  Abfeed
® 
(Marifeed 
Pty Ltd, South Africa) is a formulated feed containing fishmeal (55 %), starch, Spirulina spp. 
(10 %), vitamins and minerals (Fleming et al. 1996). The approximate analysis of Abfeed
® 
is 
34.6 % protein, 43.3 % carbohydrates, 5.3 % fat, 1.2 % Crude fibre, 5.7 % ash and ± 10 % 















fulfil the nutritional requirements of the abalone and such requirements include carbohydrates 
(Nelson et al. 2002); lipids (Durazo-Beltran et al., 2003) and protein (Fleming et al., 1996). 
Kelp is also used as a primary feed for cultured abalone because of its abundance in the south 
west and west coast of South Africa (Bolton et al., 2009). A study by Naidoo et al. (2006) 
showed that South African H. midae grew best on a mixed diet of kelp plus other seaweeds 
compared to those fed with artificial feed exclusively. A diet of several seaweeds is more 
beneficial in aquaculture feed. For instance, Wahbeh (1997) analysed the nutritional quality 
of several algae and detected some amino acid deficiencies (for instance, Ulva lactuca lacked 
cysteine) and high ratios of n-6 to n-3 PUFAs. The author suggested that a mixture of several 
algae species could provide fish with an adequate supply of all essential amino acids and a 
fatty acids composition that would result in increased growth. Furthermore, it has been shown 
that abalone fed on seaweeds have high Food Conversion Ratio (FCR) values due to the high 
water content and relatively low protein content of macroalgae (Hahn, 1989). There is 
ongoing work in our laboratory on the inclusion of Ulva in the formulated diet of sea urchins 
and preliminary results are positive.  
 
1.6  Factors affecting Ulva growth 
In recent decades, research on the physiology and ecology of marine macroalgae has 
increased due to potential commercial usage (Bird and Benson, 1987). In the wild, the growth 
of seaweeds is affected by various chemical, physical and biological factors (Pedersen et al., 
2004). The growth rate of cultured seaweeds has also been shown to be regulated by 
environmental parameters such as irradiance, salinity, temperature and nutrient supply 
(Lüning, 1990; Lobban and Harrison, 1994). To date, however, very little is known about the 















optimal growth conditions of these species in order to reduce the duration of cultivation and 
to ensure the greatest yield. 
 
1.6.1  Salinity 
Salinity fluctuation has been considered to be the primary factor limiting the growth of 
macroalgae from rocky intertidal regions and estuaries (Lobban and Harrison, 1997). The 
tidal cycle is the main factor in controlling variation in salinity in estuarine environments. 
Changes in freshwater runoff, fluctuations in the currents, storms, winds and the solar cycle, 
also affect salinity (Yarish and Edwards, 1982). It is becoming increasingly important to 
understand how algae respond and adapt to salinity stress (Fan-Lu et al., 2006). The 
physiological and biochemical responses of algae to salinity stress, including osmotic 
adjustment, ion homeostasis, metabolite accumulation, photosynthesis, respiration, growth 
and development have been extensively studied (Kirst, 1990; Parida and Das, 2005). Species 
in estuarine environments must withstand relatively high changes in salinity over a short time 
period. These rapid changes can have marked effects on macroalgal growth. This is a harsh 
environment in which only a few well adapted species can flourish (Josselyn and West, 
1985). Ulva which has adapted to this environment has a salinity tolerance ranging from 3 
PSS to 115 PSS (Lobban and Harrison, 1997). However, some former Enteromorpha species, 
which are now included in Ulva, grow in freshwater (<1 PSS). Moreover, Ulva plants are 
able to regulate the amounts of dissolved internal salts, keeping their internal osmotic 
pressures somewhat higher than the surrounding medium, allowing them to maintain a 
constant turgor (Lobban and Harrison, 1997). For instance, Blunden and Gordon (1986) 
found that the tertiary sulfonium β-dimethylsulfoniopropionate (DMSP) is involved in the 
salinity responses of U. lactuca; Karsten et al (1991) reported that the major osmolytes in U. 
rigida from Antarctica and South Chile were K
+















fasciata accumulates free proline in response to hypersalinity (Liu et al., 2000), and similar 
findings on U. pertusa were reported by Kakinuma et al. (2001a). Moreover, Ulva can be 
negatively affected by low salinity, for instance, a study by Murthy et al (1988) found 
decreased growth of U. lactuca at salinities below 30 PSS and similar findings were reported 
by Friedlander (1992) who also found reduction in growth of U. lactuca at salinities below 20 
PSS. In addition, U. fasciata growing in intertidal areas and experiencing salinity fluctuations 
has developed a defence system by increasing the availability of antioxidants and the 
activities of antioxidant enzymes to cope with the oxidative stress induced by salinity 
changes (Fan-Lu et al., 2006). 
 
1.6.2  Light 
Light is another major factor limiting the growth of macroalgae in the marine environment 
(Hanisak, 1983). It is also known to affect algal development in various ways such as 
photosynthetic production of biomass, photo-stimulation of growth direction, and 
photoinduction of the different stages of development in an algal life history (Dring, 1988; 
Lüning, 1990). Commonly, the light requirements of seaweed species tend to correspond to 
their geographical position, with lower requirements in Polar Regions and higher 
requirements in warmer regions (Roleda et al., 2006). Species growing in Polar Regions tend 
to be adapted to shade conditions (Wiencke et al., 2006). It a well known phenomenon that 
species that are subjected to low light have developed compensatory mechanisms to survive 
successfully in these conditions. Such mechanisms include high pigment content, high 
accessory pigment: chlorophyll a ratios (Reiskind et al., 1989), mechanisms or morphological 
differences to cope with the varying wavelengths that are received in deeper waters and low 
photosynthetic saturation levels (Hanisak, 1979). Beer et al. (2000), found that most of the 















thallus surfaces is very low, particularly if the light is provided perpendicular to the thallus 
surface.  Moreover, Ulva lactuca adapts efficiently to low light by increasing chlorophyll 
concentration (and therefore light absorption) and continuing to grow at a very low irradiance 




. This irradiance corresponds to minimum light requirements of deep-living 
marine macroalgae and phytoplankton growing under ice (Vermaat and Sand-Jensen, 1987). 





, which is similar to the minimum light required by several understorey algae for 
growth (Leukart and Lüning, 1994; Han and Kain, 1996).  Ulva is able to photoacclimatise 
within days to lower light levels and can maintain growth rates even if total irradiance is 
reduced slightly e.g by self shading (Vandermeulen and Gordin, 1990; Altamirano et al., 
2000b).  The duration of light availability has also a marked effect on seaweed growth rates, 
and the growth is generally better during summer months with the increased day length, and 
growth often decreases in winter (Rosenberg and Ramus, 1984a; Israel et al., 1993; Fillit, 
1995).  
 
1.6.3  Light quality 
Light is subject to momentary, diurnal, seasonal and global changes both in irradiance and in 
spectral distribution (Talarico and Maranzana, 2000). Light reaching the water shows great 
variations as a result of scattering and absorption by the atmosphere. The total irradiance is 
also affected by the sun angle, decreasing as the sun moves towards the horizon (Lobban and 
Harrison, 1994). Four factors have been described that relate to the interaction of light with 
the ocean (Larkum and Barrett, 1983, Drew 1983):  
1) heterogeneity of light and water over time 
2) the effect of the water surface on light penetration 















4) attenuation of light with depth and depths to which seaweeds can grow.  
Variable spectral proportions (i.e., red:far-red; blue:red;  green:red; blue:green) are known to 
affect the relative pigment composition of seaweed, possibly acting as photomorphogenic 
‘signals’ (Lopez-Figueroa, 1991). In seaweeds, light quality has been known to affect growth, 
photosynthesis and morphogenesis (McLachlan and Bidwell, 1983; Lüning and Dring, 1985). 
The spectral quantum yield in U. lactuca was found to be higher in red than in blue light 
(Lüning and Dring, 1985). It has been shown that green algae tend to form not only more 
chlorophyll but selectively more chlorophyll b with increasing depth and shade in the sea 
(Yokohoma and Misonou, 1980).  In U. pseudocurvata Koeman et Hoek, blue light caused an 
immediate reduction of thallus area and growth rate whereas green light and red light resulted 
in an initial peak in growth rate followed by inhibition 60 minutes after the onset of light 
(Lüning, 1992). However, there are species of Ulva known to have pigments that absorb light 
in the green region of the visible spectrum. A study by Yokohama and Kageyama (1977) 
discovered an absorption peak at 540 nm in U. japonica. The pigment absorbing light in that 
region was identifed chromatographically as siphonaxanthin, and this pigment is also 
characteristic of many siphonous greens (Kleinig, 1969).  
 
1.6.4  Temperature 
It has been shown that individual seaweed species’ biogeographic distributions are often 
limited by seawater temperature regimes (Breeman, 1988). Temperature tolerances of 
different species of seaweeds are at least partly responsible for patterns in their geographical 
distributions (Lüning, 1990) and seasonal blooms (Lobban and Harrison, 1994). van den 
Hoek (1975) used a system to describe the phytogeographic provinces in the North Atlantic 
and used the following definition: ‘cold temperate’ regions have water temperatures of > 10 
o
C in the summer but < 10 
o















temperatures > 15 
o
C in summer but < 20 
o
C in the winter. However, the temperature regimes 
in the Benguela marine province are strongly affected by cool water upwelling from the 
Benguela current system (Andrews and Hutching, 1980; Chapman and Shannon, 1985, 
Stegenga et al., 1997). Although the temperature of this upwelled water can be below 10 
o
C, 
the phenomenon of upwelling is variable and usually of short period, and has never been 
found to cause inshore monthly means to fall below 10 
o
C, which is the critical temperature 
for cold temperate biota (Bolton, 1986; Anderson and Bolton , 1985, 1989). In addition, at 
upwelling centres, monthly mean temperatures have never been recorded to rise above 15 
o
C, 
which is a criterion for   warm temperate biota (Bolton, 1986). The South African west coast 
biota is thus generally described as ‘cool temperate’, whereas that of the south coast is ‘warm 
temperate’ (Bolton and Anderson, 1997). 
 
Studies on the patterns of Southern Africa’s seaweed communities on a biogeographic scale 
have been shown to correlate with temperature (Bolton and Anderson, 1990). Moreover, 
Bolton and Anderson (1990) found seaweed samples from the warmest region of False Bay to 
be similar to those from geographically distant sites with comparable temperature regimes. 
Temperature requirement for growth is known to vary with the life stages, for example, a 
study by Anderson and Bolton (1989) found young annual sporophytes of Desmarestia firma 
to grow best at 12 
o
C in laboratory culture, a temperature typical of summer upwelling, while 
the gametophytes grew best at 15 
o
C, which is consistent with winter sea temperatures.  Other 
studies on temperature had been carried out on South African seaweeds: e.g. Engledow and 
Bolton (1992) studied Gracilaria verrucosa in culture and found its optimum growth 
temperature to be between 15 – 25 
o
C. In addition, Anderson and Bolton (1985) found the 















grew best at 15 and 20 
o
C. However, no experimental work on temperature has been done on 
South African Ulva, especially on the relationship between temperature and growth rate. 
 
According to Shelford’s “zone of tolerance” concept, growth rates also have a species-
dependent optimal temperature (Ricklefs and Miller, 2000). The temperature tolerance curve 
usually exhibits a quick decline near the species-specific upper lethal limit (Lüning, 1990). 
The possible causes of algal death at high temperatures include processes such as 
denaturation of proteins, and damage to heat-labile enzymes or membranes (Lüning, 1990). 
Temperatures of 33-35 °C represent the long-term upper survival-limit for tropical benthic 
algae, with a low temperature tolerances ranging from 5-14 °C (Lüning, 1990). Bolton and 
Lüning (1982) observed an upper survival temperature of 23 
o
C for Laminaria saccharina 
gametophytes from the Canadian Arctic, which gave evidence for the temperate origins of the 
taxon. Furthermore, Lüning (1984) detected an upper survival limit of 28 
o
C for Ulva spp 
from Helgoland.   
 
A study by de Casabianca et al (2002) showed that U. rigida from four different 
Mediterranean sites (Thau lagoon - France, Lido, Sacca and Fusina stations - Venice lagoon, 
Italy) had a maximum growth at 17 
o
C with limitation in growth below 7 
o
C and above about 
25 
o
C. Hirata and Kohirata (1993) showed that Ulva sp. cultivated in a polyculture system 
(seaweed and fish) in Japan had growth that was closely related to the water temperature and 
the optimum value was between 20 and 28 
o
C. In addition, temperature has also an important 
influence on photosynthesis; for instance, Henley and Ramus (1989) found that Ulva 
rotundata growth was photoinhibited at irradiances above 40% sunlight at temperatures 
below 15 
o
C but not above 20 
o

















With the exception of kelps, the nutrient physiology of west coast seaweeds has not been 
studied (Stegenga et al., 1997). Probyn and McQuaid (1985) showed that Ecklonia maxima 
takes up NO3 nitrogen in direct proportion to ambient concentrations up to 20 g at N
-1
, 
indicating that this kelp has higher tissue nitrogen content during upwelling events. Studies of 
nitrogen uptake are important since nitrogen (N) is the primary limiting nutrient for 
macroalgal growth in temperate coastal marine waters (Ryther and Dunstan, 1971; Smith, 
1984) and many studies have focused on the uptake and metabolism of N and its effects on 
growth rates (Topinka and Robbins, 1976; DeBoer et al., 1978, Hanisak 1979a; Morgan and 
Simpson 1981; Wheeler and Weidner, 1983). Ammonium (NH4
+
) and nitrate (NO3
-
) are 
considered to be the most important sources of N for macroalgae as they are the generally 
available forms, and both are easily assimilated (Hanisak, 1983). The acquisition rate of the 
different N forms is affected by environmental conditions including light and temperature 
(Lapointe and Ryther, 1978; Valiela, 1984). Ammonium is often taken up by seaweeds at 
higher rates than nitrate (D'Elia and DeBoer, 1978; Haines and Wheeler, 1978; Hanisak and 
Harlin, 1978; Topinka, 1978; Morgan and Simpson, 1981; Wallentinus, 1984; Thomas and 
Harrison, 1985; Rees, 2003), despite the fact that nitrate is almost always the more abundant 
source of inorganic nitrogen in coastal waters (DeBoer, 1981). Thus, ammonium (NH4
+
), 
which can be toxic or inhibitory for some seaweeds at concentrations higher than 30–50 µM, 
is the preferred nitrogen form for Ulva and other species of macroalgae (Lobban and 
Harrison, 1994). 
 In general, nutrient-poor regions are characterised by slow-growing species of macroalgae 
while fast-growing species are dominant in nutrient-rich waters (Pedersen and Borum, 1997) 
The relationship between growth and nutrient uptake is complicated by changes in nutrient 















(McGlathery et al., 1996). In winter, internal nitrogen reserves in slow-growing, perennial 
seaweeds can be two or three times higher than in summer (Chapman and Craigie, 1977; 
Hanisak, 1983; Hanisak and Samuel, 1983). One example is the relationship between the 
uncoupling of uptake of nitrogen and growth is the kelp, Laminaria. In the summer when 
seawater nitrate levels are low and photosynthesis is most active, carbon is stored, which can 
then be used for growth in the autumn when nitrate levels increase (Mann, 1972). However, 
this isn’t always the case in all species of Laminaria; for instance, in South Africa’s 
Laminaria pallida there are almost no seasonal variations in carbon content and tissue 
nitrogen varies only slightly, indicating that this kelp does not accumulate carbon or nitrogen 
in order to survive periods of low nutrients (Dieckmann, 1978). Moreover, Wheeler and 
North (1980) found that nitrate and ammonium are not accumulated in the tissue of 
Macrocystis pyrifera from Southern California and free amino acids account for a major 
portion of soluble nitrogen, and juvenile M. pyrifera sporophytes does not store nitrogen 
(Wheeler and North, 1980). 
 
In a study of the relationship between N-supply and growth, Pedersen and Borum (1997) 
concluded that fast-growing seaweeds, including Ulva lactuca, which are characterised by 
high SA: V (surfacea area: volume) ratios and high rates of uptake and growth have a high 
nitrogen requirement. Most of this requirement is due to a high demand for nitrogen 
associated with their high growth rate and, to a lesser extent, because of their high tissue-N 
content. Growth of Ulva and other Chlorophycean species can be sustained by N accumulated 
over such periods of excess availability (Hanisak, 1979; Rosenberg and Ramus, 1982; Fujita, 
1985). Efficient nitrogen uptake even at low substrate concentrations has been reported for 















enhanced gamete formation in Ulva fasciata whereas vegetative growth and asexual 
reproduction was favoured by higher nitrogen concentrations (Mohsen et al., 1974). 
 
1.6.6  Phosphorus 
Phosphorus (in the form of orthophosphate) is an important component of sugar phosphates, 
nucleic acids, phospholipids, and ATP-related reactions, as well as Calvin cycle enzymes and 
carbon metabolism intermediates (Bieleski, 1973, Müller et al., 2005, Ghannoum and 
Conroy, 2007; Sanchez, 2007). The nitrogen-to-phosphorus (N:P) ratio is an important 
nutritional component for algal growth and the optimum ratio varies from species to species 
and may provide a basis for competitive elimination and co-existence of algal species in 
water (Wu and Suen, 1985). According to Björnsäter and Wheeler (1990) the growth rates of 
U. fenestrata decrease faster under phosphorus-limitation than during nitrogen-limitation. 
Generally, the growth of seaweeds in natural populations is often limited by phosphorus in 
spring (Howarth, 1988; Flores-Moya et al., 1997) when there is low P-concentration in the 
seawater (Chopin et al., 1990a; Lobban and Harrison, 1997). In addition, Chopin et al. 
(1990b) and Lapointe et al. (1992) found that macroalgae from carbonate-rich tropical waters 
were significantly depleted in phosphorus compared with macroalgae from temperate waters. 
 
1.7 Pigments 
Accessory pigments differ in the green (Chlorophyta), brown (Ochrophyta, Phaeophyceae), 
and red (Rhodophyta) algae (Raven and Richardson, 1986). The accessory pigments, in 
conjunction with chlorophyll a, are collectively termed the light-harvesting complex (Dring, 
1988; Lobban and Harrison, 1994). Both genotypic and phenotypic variation in pigment 















content in relation to the light environment, and shift in photosynthetic efficiency with 
relation to light and pigment content. This variation is known to occur in seaweeds in all 
three major groups, such as Ulva rotundata Bliding (Henley and Ramus, 1989), Laminaria 
saccharina Lamour (Gerard, 1988) and Gracilaria tikvahiae (Lapointe, 1982). Light is the 
factor that is directly controlling pigment content, in that the higher the light intensity, the 
lower the pigment and when the light intensity decreases, the pigment content of individual 
thalli starts increasing (Fillit, 1995). For instance, Ulva fasciata blades grown under low light 
conditions have twice the Chl-a content of blades grown under high light conditions 
(Lapointe and Tenore, 1981); Ulva lactuca growing under lower illumination than in natural 
conditions also contained high chlorophyll a levels (Israel et al., 1995). Furthermore, pigment 
concentrations in algal tissue provide a strong indication of the concentration of N available 
from the water column. Vergara and Niell (1993) demonstrated that in Corallina elongata the 
proportion of pigmented and non-pigmented proteins varies with N concentrations and light 
availability. This appears to function as a mechanism for storage of N for subsequent periods, 
when nutrients are limiting. While plant pigments are primarily light-absorbing substances, 
during times of nutrient limitation they are often used as a source of protein (Lapointe, 1982; 
Bird et al., 1982).  
Yokohama (1981) studied pigment content of 47 species of green algae and found 
siphonaxanthin and siphonein in two deep-water species of Ulva (U. japonica and U. 
olivascens): this is an order where this pigment and its ester had not previously been detected. 
However, Yokohama and kageyama (1977) considered siphonaxanthin to be important as a 
light-harvesting pigment in green algae growing in shade or deep water, although it also 
















Apart from their potential nutritional value as protein substitutes, seaweeds can also be 
utilized as colouring agents (Sommer et al., 1992; Gouveia et al., 2002). One of the pigment 
classes that is very important in aquaculture is the carotenoids and they have been extensively 
studied due to their important biological functions in animals as well as their function in 
plants (Pinheiro-Santana et al., 2007) In plants, carotenoids serve as antenna pigments 
(Siefermann-Harms, 1987), stabilize chlorophyll (Chl) - protein complexes (Humbeck et al., 
1989; Marquardt, 1998), and protect the organism against excessive light (Demmig-Adams, 
1990). The antioxidant activity of carotenoids  is mainly attributed to scavenging activity 
against superoxide and hydroxyl radicals, chelating ability, quenching singlet and triplet 
oxygen, and reducing power (Ruberto et al., 2001; Athukorala et al., 2006). The relationship 
between carotenoids and Vitamin A has been found as far back as 1919, and during 1930 it 
was established that some carotenoids have proVitamin A activity which could be 
transformed to Vitamin A inside the animal body (Della-Monica and McDowell, 1965; 
Carvalho, 1993). Ulva is known to accumulate high contents of carotenoids, and El-Baky et 
al. (2008) found U. lactuca to be a rich source of carotenoids which could be used as a 
natural colorant as well as a natural preservative in food.   
 
1.8  Photosynthesis  
In both terrestrial and marine plants, photosynthesis is a major, easily measured metabolic 
process, and is routinely used to gauge the effects of environmental conditions on algae 
(Lobban and Harrison, 1994). The process produces energy using certain wavelengths of 
light, involving two photosystems, PSI and PSII which are mostly active at 680 and 700nm 
wavelengths. Other wavelengths are also peaks in the action spectrum for photosynthesis. 
Autotrophs use CO
2 
and energy from the sunlight to synthesize organic molecules (such as 















carbon dioxide gas, water and light to produce sugars and oxygen gas. For instance, the 
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Even though this equation may appear simple, it is actually a summary of very complex 
processes (Falkowski and Raven, 1997). Studies on photosynthetic light-response curves are 
widely reported for seaweeds (Ramus, 1978; Platt et al., 1980; Jimenez et al., 1998, Henley, 
1993; Perez-Llorens et al., 1996; Rodrigues et al., 2000). These studies developed the 
measurement techniques, under controlled conditions, of the photosynthesis and dark 
respiration parameters, which then can be compared among species or varying environmental 
conditions (temperature, light, salinity, nutrients, inorganic carbon, etc.). According to Platt et 
al. (1977), most of the variance in primary production is accounted for by fluctuations in light 
and seaweeds have different light requirements depending on the species and the environment 
where they grow. For instance, Rosenberg and Ramus (1982) found Ulva curvata to have an 
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 for U. pertusa. 
A study by Vergara et al. (1997) showed that the light-saturated photosynthetic rates in Ulva 
rotundata and Ulva curvata were positively correlated with periods with high concentrations 
of chlorophyll and tissue nitrogen. Ulva lactuca growing under lower illumination than in 
natural conditions contained high chlorophyll a levels and showed higher photosynthesis 

























rates at a lower rate of photon flux density, but had a lower maximal rate of photosynthesis 
(Israel et al., 1995). 
 
It is also known that tissue differentiation in the seaweeds results in different photosynthetic 
capacities (Gao and Umezaki, 1988; Gao, 1991). The thallus of Ulva is also reported to 
contain a low percentage of non-pigmented components and all the cells are photosynthetic 
(Littler and Littler, 1980). Physiological studies on the effect of light on Ulva have been done 
by various researchers (e.g. Haxo and Clendenning, 1953, Ramus, 1978; Littler and Littler, 
1980; Henley and Ramus, 1989a, b; Henley et al., 1991a, b; Perez-Llorens et al., 1996, 
Altamirano et al., 2000). Ulva and other membranous forms comprise a group of macroalgae 
with considerably higher photosynthetic performances than other functional form groups 
(Littler and Littler, 1980). Similar findings were obtained by Levitt and Bolton (1991) on five 
intertidal seaweed species from False Bay (South Africa), who demonstrated that thin-sheet 
like forms were the most photosynthetically productive compared to thick-branched forms.  
 
On the coasts of South Africa, Ulva species form dense growth from the intertidal to upper 
subtidal zones, and these plants experience contrasting light environments. Levitt and Bolton 
(1990) studied the photosynthesis of three subtidal red algae at Oudekraal and five intertidal 
algae from False Bay. These authors found that photosynthesis in these seaweeds reaches a 
maximum in spring, when ambient irradiance and photoperiod increases and it slightly 
decreases in summer when ambient irradiance and photoperiod are at their highest levels.    
This is the first study in South Africa to examine the photosynthetic physiology of Ulva 
species, which are common and abundant along the South African coastline and are an 
















1.9  Seasonal variations in chemical composition  
Several studies have shown seasonal changes in chemical composition of various South 
African west coast seaweeds (Stegenga et al., 1997). The effects of upwelling of cold water 
from the Benguela current are well documented for the South African west coast inshore 
ecosystems (Bolton and Levitt, 1987; Stegenga et al., 1997) and these upwelling events have 
an influence on the chemical composition of South Africa’s seaweed flora. For instance, in 
Ecklonia maxima seasonal patterns have been shown in the nitrogenous uptake rates in which 
tissue nitrogen increased during upwelling events (Probyn and McQuaid, 1985). This is 
agreement with Dawes (1998) who showed that seaweeds show great variation in nutrient 
content, which are related to several environmental factors such as water temperature, 
salinity, light and nutrients. Dhargalkar (1986) reported seasonal changes in biochemical 
composition of U. reticulata from Goa coast in India which could be related to the chemical 
and morphological changes associated with some metabolic processes in the alga. Similar 
findings on seasonal biochemistry have also been reported for Ulva sp. from Kwazulu Natal, 
South Africa, which had a pattern of increasing elemental concentrations in winter and a 
decrease from winter to spring and summer (Misheer et al., 2006).  
 
1.10 Accumulation of metals  
Monitoring changes in the levels of metal contaminants in coastal environments has 
historically been done by direct measurement of water column metals. However, 
instantaneous seawater samples, even when taken regularly, may not give good information 
on changes in biologically significant metal concentrations in environments that are prone to 
tidal and other variations (Björnsäter and Wheeler, 1990; Jones et al., 1996; Valiela et al., 
1997; Fong et al., 1998). As a result of the shortcomings of conventional seawater monitoring 















Chlorophyta (Ho, 1990; Brown et al., 1999 and Villares et al., 2002), Rhodophyta (Muse et 
al., 1995) and Phaeophyta (Muse et al., 1995). Many studies use Ulva species as a biological 
indicator of metal contamination due to their simple morphology and high capacity for metal 
uptake (Ho, 1990; Villares et al., 2001; Besada et al., 2009). Seasonal variations can 
influence the range of metal uptake of marine organisms. If the temperature decreases, the 
metabolic activity of the organism also diminishes, and the active uptake may be less 
(Lozano et al., 2003). Thus, concentrations are generally low in spring/summer when growth 
rates are high and the accumulated metals are diluted and high in winter when the metabolic 
processes have slowed down (Villares et al., 2001). Seasonal fluctuations in metal 
concentrations in Ulva rigida have been attributed to growth, age of tissue and abiotic factors 
(such as salinity and temperature), as well as to variations in metal concentrations in the 
environment (Villares et al., 2002). Also, Ulva lactuca mainly takes up solubilised metals 
because of its laminar structure with a relatively high surface area (Villares et al., 2001). 
However, metal concentrations in algae are strongly dependent on the environmental 
parameters of the sampling sites (salinity, temperature, pH, light, nutrient concentrations, 
oxygen, etc) (Zbikowski et al., 2006). The capacity of algae to accumulate metals depends on 
a variety of factors such as bioavailability of metals in the surrounding water (Sanchez-
Rodriguez et al., 2001). Malea and Haritonidis (2000) found significant positive correlations 
between lead (Pb) concentrations in U. rigida and in seawater. Additionally, as Ulva species 
are locally used as abalone feed, the monitoring of metal contents in their tissues would 
provide an early warning system of pollution that could not be achieved solely by the analysis 
of water samples. Permitted elemental levels (µg.g
-1
 dw) in ingestible seaweeds in France are 
<5.0 for Pb, As, <0.5 for Cd and <0.1 for Hg whereas in Australia and New Zealand the 
maximum level for Cd is 0.2 µg.g
-1
 dw and 1.0 µg.g
-1
 dw for inorganic arsenic (Almela et al., 















properties of seaweeds allow the food industry to include seaweeds as raw or semi-processed 
materials in the formulation of seafood products and aquafeed. In South Africa, even though 
Ulva has been successfully utilized as abalone feed, little information is available on the 
metal concentrations in Ulva species grown in aquaculture effluent as well as from nature. 
 
1.11  Amino acid composition 
The amino acid composition of seaweeds has been frequently studied and compared to that of 
other proteinaceous foods such as eggs or soybeans (Fleurence, 1999). Amino acids are 
divided into essential and non essential amino acids. Essential amino acids cannot be 
synthesized by the organism and therefore must be supplied in the diet, whereas non-essential 
amino acids can be synthesized in the body and do not have to be obtained from the diet.  The 
essential amino acid composition of soybean protein generally comprises 36.0% of total 
amino acids (Galland- Irmouli et al., 1999) and this concentration of essential amino acids is 
lower than that reported for U. fasciata, which has been reported as 41.4% of total amino 
acids (Lourenço et al., 2002). For most seaweed, aspartic and glutamic acids constitute a 
large part of the amino acid fraction and they are non-essential amino acids. In Ulva rigida 
and Ulva rotundata, the levels of these two amino acids can represent up to 26 and 32% of 
the total amino acids, respectively (Fleurence et al., 1995).  
In aquaculture, the ratio of essential and non essential amino acids in the feed is as important 
as the protein content itself (Sales and Britz, 2001) and is often the first consideration when 
new processed feeds are formulated and the insufficiency of some important amino acids in 
seaweed could make it less suitable for abalone feed than the processed alternative (Mai et 
al., 1995). When discussing the ideal protein concept, each of the amino acids in the feed is 
related to the requirement for lysine. There are several reasons for selecting lysine as the 















is for protein tissue deposition, so its requirement is not influenced by other metabolic roles 
(Miles and Chapman, 2007). Excess proteins are sometimes put into feeds because the 
protein is not very digestible (so that more has to be added to meet the amino acid 
requirements) or because specific essential amino acid requirements are not known (Miles 
and Chapman, 2007).  
 
1.12  Protein content in Ulva and nitrogen to protein conversion factor 
Proteins are a nutritional component of particular importance to animal aquaculture, and 
protein is typically the most costly component of formulated feed (Miles and Chapman, 
2007). The protein content in abalone feed has been investigated in several studies because of 
its importance for growth and high cost for the farmer (Sales et al., 2003).  For many years 
quantification of crude protein content for most feed materials has been determined by a 
conversion factor of 6.25 multiplied by nitrogen content (Jones, 1931; Dintzis et al., 1988).
 
 
This factor is based on the assumption that the samples contain protein with 16% nitrogen 
and an insignificant amount of non-protein nitrogen. However, plant materials normally show 
higher amounts of non-protein nitrogen (Conklin-Brittain et al., 1999).   Conversely, it is 
common to find plant materials showing total protein with less than 16% nitrogen in the 
amino acid components (Yeoh and Wee, 1994). Thus, the calculation of protein content by N 
× 6.25 may tend to over or under estimate the actual protein content in the sample (Ezeagu et 
al., 2002).  
The seaweed generally consumed by abalone contains less than 20% crude protein (Nisizawa 
et al., 1987).  The protein content of seaweeds differs from one species to another and it also 
varies seasonally (Fleurence, 1999). Ulva species have a crude protein content ranging from 
10 to 26% (dry weight) of the plant (Fleurence, 1999). Several studies have looked at the 















under the name of ``ao-nori'' by Japanese people, has a crude protein level between 20 and 
26% DW (Arasaki et al., 1984), Ulva lactuca, 27.2 % DW (Oritz et al., 2006); U. oxysperma; 
6 to 10% DW whilst Ulva lactuca and Ulva fasciata have levels of 13 and 18% DW 
respectively (de Padua et al., 2004). However a study by Wong and Cheung (2000) found 
lower crude protein content in U. lactuca, (7.06% DW) obtained from Tung Ping Chau, in the 
northeast of Hong Kong and the lowest was obtained from U. lactuca found in the Phillipines 
which had crude protein content of 4.20% DW (Medina and Matibag, 1983). Furthermore, 
crude protein content in Ulva can increase to over 32% when cultivated in nutrient-rich water 
(e.g Msuya and Neori, 2002; Robertson-Andersson, 2003; Viera et al., 2005). All of these 
authors have used a traditional factor of 6.25 (Jones, 1931) to determine the crude protein of 
Ulva.  
 
Nevertheless, several researchers have also quantified protein contents in algae using the 
conventional extraction methods of Lowry et al (1951) and Bradford (1976). However, 
protein contents obtained from these extractions are very difficult to compare among algae 
because of methodological differences (Berges et al., 1993) and may be compromised by a 
large amount of interference (Stoscheck, 1990). Numerous substances such as phenol and 
phenolases (Mattoo et al., 1987) and flavonoids (Compton and Jones, 1985) interfere with 
both the Lowry and Bradford methods. Differences in cell wall composition of algae also 
affect proper quantification of protein (Fleurence, 1999). 
 
Another method of calculating protein content is the establishment of specific nitrogen-to-
protein conversion factors (N-Prot factors) and this is a major subject in nutritional science 
today. The use of N-Prot factors provides an accurate end result and allows better 















conventional protein extraction (Lourenco et al., 2002b). A standard way of determining N-
Prot conversion factors is based on the quantification of the nitrogen obtained from amino 
acids after hydrolysis (Huet et al., 1988; Salo-Väänänen and Koivistoinen, 1996; Lourenço et 
al., 2002). The total amount of amino acid residues permits the quantification of total proteins 
in a sample, and knowing the percentage nitrogen of each amino acid, the amount of nitrogen 
in the protein fraction can be calculated (Sosulski and Imafidon, 1990). Based on this 
approach, the determination of the N-Prot conversion factor relies on quantification of the 
protein content by the sum of amino acid residues and determination of the amount of 
nitrogen in the total protein, considering the individual contribution of each amino acid 
(Lourenco et al., 2002b). 
 
1.13  Effect of epiphytes and diseases on Ulva cultivation 
As long ago as 1977, Ryther stated that epiphytic growth is probably the single greatest 
problem and constraint on commercial seaweed culture, while Wheeler et al. (1981) stated 
that the control of epiphytes and provision of nutrients are two major problems for would-be 
macroalgal farmers. It is difficult to control epiphytes when seaweeds are cultured under non-
unialgal conditions. Epiphytes are seen as opportunistic because they tolerate a wide range of 
environmental conditions such as temperature and light levels (Fletcher, 1995). When 
epiphytes remove nutrients and inorganic carbon from the water column they can 
significantly reduce production of the cultivated seaweed (Fletcher, 1995).  
Although epiphytes can be very important in seaweed aquaculture, there is very little 
literature on epiphytes in Ulva aquaculture. In South Africa, the first record of the epiphyte 
species Myrionema strangulans (Phaeophyceae) was made in October 2001 when the small 
brown crusts of the epiphyte were observed growing on experimental tank cultures of Ulva at 















Anderson, 2003). Stage 1 shows a healthy Ulva thallus, usually dark green in colour, with 5-
10 brown spots. In, Stage 2, the spots increase in number and cover the entire thallus surface. 
The Ulva thallus becomes yellowish-green in colour and thinner. In Stage 3, the spots 
continues to increase in number, consequently the thallus becomes very light in colour and 
very fragile. Finally, in Stage 4, the thallus breaks up into small pieces and once this happens, 
the culture populations never recover.  
Also, Colorni (1989) observed a disease affecting a local Ulva spp. in culture at Eilat (Israel, 
Red Sea) which resulted in green spots dotting the algal thallus and gradually enlarged into 
perforations. Involvement of epibiontic microorganisms in the disease outbreak was ruled out 
and it was suggested that the onset of the lesions was possibly triggered by distressing events 
to which the alga was subjected in the culture conditions.  
 
1.14 Background of the study 
The high value of abalone has stimulated considerable effort into the development and 
optimisation of intensive abalone culture (Shpigel et al., 1999).  Cultivation of H. midae is 
still a growing industry in South Africa because this species is highly desirable  and  fetches 
comparatively high prices on Asian markets (Oakes and Ponte, 1996), and South Africa has 
been described as the largest producer of abalone outside Asia (Troell et al., 2006).  
According to Oakes and Ponte (1996) South Africa produced 600 tons of H. midae in 1993 
and subsequent demand for H. midae has increased and the current estimated annual 
production is 1100 tons (Bolton et al., 2009).   At present there are five local mariculture 
farms that concurrently culture abalone and Ulva. Three out of those five farms produce Ulva 
in small quantities (Bolton et al., 2009). Wild Coast Abalone farm near East London grows 
by far the most, followed by I & J Abalone farm at Gansbaai and then the rest (including 















farms cultivate Ulva in effluent whereas the other farms grow the seaweed in fertilized 
seawater. This study also investigates Ulva material from Irvin & Johnson (I & J) farm at 
different levels which includes productivity, heavy metal accumulation, biochemical and 
mineral content as well as amino acid profile. Currently the main abalone feed used at I & J 
farm is the kelp, Ecklonia maxima collected from the wild complemented with fishmeal-
based Abfeed® and cultivated Ulva spp. It has been reported that various natural and 
formulated feeds have varying results, with some tending to affect lipid composition, and 
consequently taste and texture of abalone meat negatively, hence reducing the value of the 
product (Dunstan et al., 1996; Smit et al., 2010). Also, the incorporation of fishmeal protein 
in these formulated feeds increases nutrient waste and reduces the water quality in abalone 
tanks (Troell et al., 2006). Furthermore, local farmers have observed higher infestation rates 
of sabellid polychaete parasites in abalone fed on Abfeed
® 
and suggested that the diet could 
be responsible for these high infestation levels ( halmers, 2002)  The only commercially 
available all-seaweed based feed in South Africa is a formulated dried feed called "Midae 
Meal MM-1c" (Eric-Piet (Pty) Ltd, Luderitz Bay, Namibia). This formulated feed is 
manufactured for Taurus Products (Pty) Ltd and the ingredients are mainly L. pallida and E. 
maxima (stipes and fronds) and it also contains Gracilaria spp., Gelidium spp. (including the 
kelp epiphyte G. vittata), Porphyra capensis and “agar agar” (Robertson-Andersson, 2007). 
The wet seaweed: dry pellets ratio is 6 - 7:1 and protein content is ca. 18 % which gives the 
abalone meat a natural taste, colour and smell (Robertson-Andersson, 2007). In addition, 
sabellid infections have not been observed with this all-seaweed based feed and it has 
improved the abalone shell color (Robertson-Andersson, 2007). Unfortunately, this feed had 
limited success in a series of growth trials producing poor growth rates in abalone when 















Until the development of abalone farming, the only kelp directly harvested from beds in 
South Africa was used as a liquid growth stimulant for agricultural crops (Anderson et al. 
2003). Currently, harvest of wild kelp (Ecklonia maxima and Laminaria pallida) for abalone 
feed is now approaching limits of sustainable harvesting in kelp concession areas where 
abalone farms are concentrated (Sales and Britz, 2001, Troell et al., 2006; Anderson et al., 
2006). In 2003, coastal management authorities (Marine and Coastal Management, 
Department of Environmental Affairs and Tourism, Cape Town) estimated that a maximum 
sustainable yield of kelp was approached in parts of the two main areas of abalone farming; 
from Quoin Point to Cape Hangklip and in the Cape Columbine area (Anderson et al.,  2003) 
Under the Marine Living Resource Act (1998) seaweed resources are managed on an area 
basis, with 23 monitored concession areas between Namibian border and the southern border 

















Figure 1.2:  Map of South Africa showing the Seaweed Concession areas (Anderson et al. 
2003). Areas 1, and 20-23 are where Gelidium is currently collected. Kelp is collected in 
areas 5-9, 11-16 and 18-19. No seaweed is currently collected from areas 2-4, 10, 20, 22, and 
23. Lines separate concession areas.  
 
As a result of the above shortcomings, in situ cultivation of seaweed on the farms has been 
developed as a cost effective and environmentally friendly alternative in global aquaculture 
(Neori et al., 2004; Troell et al., 2006; Naidoo et al., 2006).   On South African abalone 
farms the main cultivated seaweed is Ulva, and to a smaller extent Gracilaria which is 















Although Ulva is a well studied genus worldwide, there is a need to study the local species. 
The are many gaps in ecophysiological information and this study is designed to provide 
farmers with data that will improve their cultivation methods in terms of productivity, 
nutritional quality, seasonal species preference and the control of epiphytes. It is also possible 
that the Ulva market in South Africa may develop beyond abalone feed to other applications 
such as ingredients in sea urchins and fish diets, cosmetics and health supplements. 
Furthermore, the study was also designed: 
1. To investigate the success of cultivation in improving seaweed quality through 
aquaculture 
2. To investigate whether there is really any difference between U. capensis and U. 
rigida (one of which is the species mostly grown at I&J), by comparing natural 
populations of U. rigida and U. capensis with cultivated U. rigida. . 
 
1.15  Collection sites and Ulva species used in the research project   
Three South African Ulva species (Ulva lactuca Linnaeus, Ulva rigida C. Agardh and Ulva 
capensis Areschoug) were selected for the experiments conducted for this research project. 
The first two were chosen as they are currently cultivated on abalone farms and they are 
utilized as abalone feed and used as biofilters, and U. capensis was included because it is 
morphologically and biogeographically distinct from U. rigida in nature, despite the inability 


















There are number of factors that make Ulva an ideal candidate for cultivation:  
(i) it is one of the simplest seaweeds to cultivate as it can grow from vegetatively propagated 
thalli (Tanner, 1981, van de Hoek et al., 1995)  
(ii) a number of studies have been carried out on its biofiltration capacity for removal of 
dissolved nitrogen compounds in an integrated abalone aquaculture system (Cohen and 
Neori, 1991; Neori et al., 1991; Jimenez Del Rio et al., 1996; Neori et al., 1996; Goldberg et 
al., 1998, Msuya and Neori, 2002; Robertson-Andersson, 2003; 2007) and all these authors 
have concluded that Ulva is a good biofilter.  
(iii) Ulva species are commonly used in aquaculture as feed since they contain protein, 
pigments, vitamins and minerals (Nakagawa et al., 1987; Hashim and Maat-Saat, 1992; 
Wassef, 2001; Valenta et al., 2006, Cruz-Suarez et al., 2009). 
 
Ulva capensis and Ulva rigida have been suggested to represent a single polymorphic species. 
Therefore ecophysiological studies are necessary to  investigate if these species have similar or 
different  ecological growth requirements..  U. capensis and U. rigida were collected from 
Kommetjie (34º09′06″S, 18º19′22″E) along the southwest coast of the Cape Peninsula, Cape 
Town and U. lactuca was exclusively collected from I & J farm because it was not possible to 
find free-living populations of U. lactuca, despite frequent searches at sites were the species 
had previously been recorded (e.g. Simon’s Town, Saldanha Bay; Stegenga et al., 1997). In 
addition,  I & J farm also cultivates U. rigida, therefore material of U. rigida was also collected 
from the farm and was used  for analysis, to compare its metal contents and biochemical 

















1.16  Aims of this study 
Both the seaweed and abalone industries bring important economic benefits to South Africa. 
They generate export earnings, boost local and regional economies and provide employment 
among poor coastal communities (Troell et al., 2006). If the South African abalone industry 
continues to grow at the current rate, there is a need to improve the cultivation of Ulva to 
increase productivity in order to meet the feed demand.  
 
The goal of the first part of the study was to investigate the effect of environmental 
parameters (irradiance, salinity, temperature, nutrients, and light quality) on the growth rate 
of two of South Africa’s Ulva species U. rigida and U. lactuca that are currently used in local 
farms as both bio-filters and feed for abalone. This information will aid in the cultivation of 
Ulva to produce a crop that is more reliable in terms of volume and quality.  
The study also focused on the photosynthetic responses of U. rigida and U. capensis from 
natural populations at Kommetjie on the West Coast of South Africa to determine the extent 
of physiological adaptation to various light levels. The ability to withstand reduced or higher 
light levels should reflect the extent to which populations of U. rigida and U. capensis can 
prosper in fluctuating light levels in the intertidal zone. These physiological studies are of 
great interest since thalli in the intertidal conditions are exposed to low or high light levels for 
shorter or longer periods. Therefore a broader light tolerance will be a significant adaptive 
trait. 
Furthermore, the study also focused on the temporal nutritional and chemical composition of 
the locally abundant U. capensis and U. rigida from the wild, to investigate how fluctuations 
in seawater conditions cause variation in the nutritional composition of these local seaweeds. 
In addition, material of U. rigida and U. lactuca cultivated in a large scale re-circulated 















abalone effluents affect their nutritional composition, and to compare to wild material. An 
estimate of chemical composition of seaweed is essential to determine its nutritional value, 
especially as it relates to abalone culture. 
 
The second part of the study was designed to measure the temporal variation in metals in both 
wild U. capensis and U. rigida as well as farmed U. rigida and U. lactuca and to ensure that 
the metal contents of Ulva did not exceed safe limits for human and or/abalone feed. This is 
important because maximum metal contents in edible seaweed are limited in certain 
countries, which could have a negative effect on their value. Only a very small number of 
papers analysing heavy metals in South Africa seaweeds have been published. This study 
focussed on the seasonal variation in metals (Cd, Pb, Hg, As) in Ulva from the wild (at 
Kommetjie on the Cape Peninsula) and from an abalone farm (I&J, Danger Point) where the 
Ulva is grown in re-circulated abalone water. The food safety of these Ulva species in terms 
of metal contents will also be assessed.  
 
The third part of the study focussed on Ulva species cultivated in a re-circulated abalone-
seaweed system at I & J farm and the effect of epiphytes on its cultivation. An epiphytic 
outbreak in farmed Ulva at Irvine & Johnson farm was first reported in 2001 by Robertson-
Andersson (2003). However, this problem received little attention until 2007 when epiphyte 
outbreaks increased and impacted production.  
 
Furthermore, according to Bolton et al. (2009), there is a seasonal change in species 
dominance between two Ulva species growing in recirculation tanks at I &J farm. U. rigida 
(reported as U. capensis due to confusion over possible co-specificity of the two taxa) grew 















lactuca proportions decreased during winter and increased during summer. However, to 
understand the underlying environmental factors required for the growth of these two species, 
ecophysiology data on both are required.  
 
Therefore the major objectives and hypotheses of this study were: 
1. To identify the culture conditions that promotes the best growth of these species. In this 
study we asked whether there are distinct differences in nutrient use and preference; light 
levels, salinity and temperature between the three Ulva species, U. rigida, U. capensis 
and U. lactuca and can this explain the dominance of each species at different localities.   
2. To examine the temporal photosynthetic characteristics of U. rigida and U. capensis 
from wild populations with respect to light. Does their position in the intertidal zone 
cause them to have different physiological responses to varying light intensity or will 
these two species have similar responses as they are suggested to be morphological forms 
of a variable species?   
3. To evaluate the temporal chemical composition and mineral content of wild and farmed 
Ulva species to assess the nutritional quality of each species. Does the nutritional content 
of Ulva species vary temporally in both nature and on farms, and do differing conditions 
provide different patterns in the two systems (wild and farm)? 
4. To measure temporal variations in metal concentration in order to provide information on 
the concentrations of several harmful metals if present. Do wild U. capensis, wild U. 
rigida, farmed U. rigida and wild U. lactuca have different metal accumulation patterns? 
To propose conversion factors from nitrogen to total protein concentrations for each 















5. To evaluate the seasonal productivity of Ulva cultivated in a re-circulated abalone-
seaweed system in order to investigate the relationships between environmental factors 
and growth, and aid in the prediction of seasonal growth.   
6. To assess the occurrence of the epiphyte, Myrionema strangulans and to determine 
environmental conditions that may trigger its occurrence. We hypothesize that during 
summer, when the outbreak is severe, Ulva is growing fast and thus using its tissue 
nutrients, and where there is no sufficient external supply of nutrients the Ulva is 































Effects of irradiance, light quality, temperature, salinity and nutrients on the growth 
rate of U. rigida, U. capensis and U. lactuca in culture 
 
2.1  Introduction 
The green algal genus Ulva, including species previously placed in the genus Enteromorpha 
(Hayden et al. 2003) is well known for its wide distribution in marine, freshwater and 
brackish environments throughout the world (Reed and Russell, 1979; van den Hoek et al., 
1995; Tanner and Wilkes, 2005).  The marine environment of the west coast of South Africa 
is dominated by upwelling which strongly influences the growth of seaweeds by its effect on 
temperature, light and nutrients (Bolton and Levitt, 1987).  The growth of a number of South 
Africa’s seaweed species has been studied in culture, although many studies have focused on 
juvenile plants (Stegenga et al., 1997). In the last few years there has been a growing interest 
in cultivation of Ulva as a feed supplement for the local abalone farming industry and as a 
biofilter for abalone effluent. In 2007 South African abalone farms cultivated over 1000 t 
fresh weight of Ulva for feed (Bolton et al., 2008). Currently, at least three Ulva species are 
cultivated on commercial local abalone-seaweed farms (Bolton et al., 2008; L. Kandjengo 
pers. comm.). However, in spite of the rapid development of the Ulva industry in South 
Africa, basic data are not available on the growth of local Ulva species in response to 
environmental variables.  
 
Ulva species are ecologically and physiologically opportunistic: they are usually the first 
colonizers on open substrata, and their cosmopolitan presence is attributed to their tolerance 
of a wide range of environments and opportunistic life strategy (Hernández et al., 1997; 















growth and photosynthetic capacity of Ulva species (e.g. Steffensen, 1976; Reed, 1983; Einav 
et al., 1995). Blomster et al. (1998) clearly showed, using molecular phylogenetic analyses 
that U. intestinalis samples grow close to freshwater outlets. Pringle (1986) collected U. 
intestinalis from brackish water and was able to culture it in less than salinity of 2 PSS. 
Kamer and Fong (2000) suggested that U. intestinalis can tolerate short-term fluctuations in 
salinity but can be negatively impacted by persistent salinity reductions. However, some 
former Enteromorpha species, which are now included in Ulva, grow in salinity (<1 PSS) 
(Lobban and Harrison, 1997). Salinity change significantly affects the growth and 
photosynthesis of Ulva (Lartigue et al., 2003; Taylor et al., 2001; Fong et al., 1996; Floreto et 
al., 1994). Einav et al. (1995) confirmed that Ulva lactuca from Israel exhibited a decline in 
net oxygen production following a change in salinity, and similar results were observed by 
Lartigue et al. (2003). Moreover, populations of Ulva can also persist through fragmentation 
alone (Blomster et al., 2002) and lack of reliance on spores translates to broader salinity 
tolerance (Burrows, 1959). A new species of freshwater Ulva, Ulva limnetica has been 
recorded from the Ryukyu Islands, Japan (Ichihara et al., 2009), and is the first record of 
freshwater distromatic Ulva. 
Algae are known to exhibit seasonal changes in their requirements for, and tolerance of 
temperature, as is known for temperature resistance in higher plants (Larcher, 1975; 
Bannister, 1976). In addition, Snoeijs (1992) found Ulva species (former Enteromorpha) to 
be tolerant of very cold temperatures in Finland, but to also thrive in a warm-water discharge 
area near a nuclear power plant on the Bothnian Sea. The Japanese species Ulva pertusa has 
its temperature optimum for growth at 20-25 °C (Ohno, 1977). Sfriso (1995) found the 
optimum temperature for growth of Ulva rigida C. Ag. from the Venice lagoon in Italy to be 
between 23 -24 
o
C.  Enright (1979) found the temperature optimum for growth of Canadian 















(1986) showed that U. californica from south Point Conception in California forms densely 




Nitrogen and phosphorus are the two most common nutrients limiting macroalgal growth 
(Hanisak, 1979). Nitrogen has been described as the principal limiting nutrient (Wheeler and 
Björnsäter, 1992; Larned, 1998), but in some places phosphorus supply may limit macroalgal 
production (Chopin et al., 1990a, b; Lapointe, 1997; Villares and Carballeira, 2004). Many 
species of Ulva grow best in eutrophic habitats (Sousa et al., 2007) and nutrient-enriched 
water (Fong et al., 2004). Nutrients present in the water column can be found in a wide 
variety of forms, and not all are biologically available. Although nitrate, nitrite, ammonia and 
urea are all potential sources of nitrogen in the water column, nitrate (NO3
-
) and ammonia 
(i.e. NH3 plus NH4
+
) provide the two forms of inorganic nitrogen most important to algae 
(Parsons and Harrison, 1983). Phosphorus exists in seawater as inorganic orthophosphate, 
metallophosphate complexes, polyphosphates and organic phosphorus compounds (Cembella 
et al., 1983), but is principally acquired by marine algae as free orthophosphate (Raven, 
1980). In South Africa, levels of these nutrients are generally higher on the west coast than on 
the south coast due to upwelling events (Stegenga et al., 1997). U. capensis and U. rigida 
used in this study were collected from Kommetjie on the West Coast where upwelled water 
commonly contains about 6-8 µM phosphate and 10-20 µM nitrate as well as low levels of 
ammonia, nitrite and trace elements (Stegenga et al., 1997). In addition, nutrient levels are 
very variable on the aquaculture farm where U. lactuca was collected and during the course 
of this chapter, there were signs of nutrient starvation (loss of pigments and low nitrogen 
content) of Ulva in the farm system.  In addition, Ulva species from aquaculture farms is free-
floating and such species growing in a tumble culture could have different cellular 















anatomical characteristics.  Furthermore, while Ulva exhibits relatively rapid nutrient uptake 
(Rosenberg and Ramus, 1984; Rivers and Peckol, 1995; Neori et al., 2003; Robertson-
Andersson, 2003.) and subsequent growth in relation to other macroalgal species, it may have 
a limited capacity to store inorganic nutrients (Fujita, 1985). Despite this limitation, the genus 
Ulva comprises highly productive species that are often responsible for a large percentage of 
total intertidal and estuarine primary production (Sfriso et al., 1987; Sfriso and Marcomini, 
1996).  
 
In seaweeds, the effect of light quality (wavelength) has been shown to affect growth, 
photosynthesis and morphogenesis (McLachlan and Bidwell, 1983; Lüning and Dring, 1985). 
The green alga, U. pseudocurvata Koeman et Hoek grew slowly  in blue light whereas green 
light and red light resulted in an initial peak in growth rate followed by inhibition of growth 
(Lüning, 1992). However, some Ulva species such as U. japonica and U. olivescens have the 
pigment siphonaxanthin which absorbs light in the visible green region of the spectrum 
(Yokohama and Kageyama, 1977). 
Interesting findings were shown by Bolton et al. (2008) of a change in Ulva species 
dominance during different seasons grown in a commercial farm in abalone effluent. A 
higher proportion of U. rigida (misnamed as U. capensis) was found during winter whereas a 
higher proportion of U. lactuca appeared during summer, in the I & J integrated 
seaweed/abalone system. This clearly shows that these two species have different 
environmental responses. It has been suggested by Robertson-Andersson (2003) that the 
dominance changes exhibited by U. rigida and U. lactuca might be an ecological niche 















Ulva is one of the most studied seaweed genera worldwide. However it is important to study 
local species, as the taxonomy of Ulva is very complex, and it is likely that names which are 
used around the world may be used for different taxonomic entities in different 
biogeographical regions (Coat et al., 1998; Blomster et al., 1998; Malta et al., 1999). Until 
now, studies on local Ulva species have centred on taxonomy (e.g. Stegenga et al., 1997); 
reproduction (of U. fasciata and U. rigida, see Steyn, 2000); bioremediation (using U. 
lactuca, see Robertson-Andersson, 2003) or molecular taxonomy (Kandjengo, 2003). 
According to Kandjengo (2003), molecular systematic analysis on the relationship between 
U. rigida and U. capensis suggests that the taxa could not be separated using the ITS gene 
region. However, according to TCS analysis, these species could be haplotypes of a diverse 
species. These taxa differ both ecologically, morphologically and biogeographically 
(Stegenga et al., 1997). Therefore due the complexity of Ulva taxonomy, ecophysiological 
studies of local Ulva species will provide much needed information on whether they have 
different ecological requirements, and whether they conform to the ecophysiological data for 
Ulva species collected elsewhere in the world.  
 
In the present study, we investigated growth rates of U. rigida and U. capensis collected from 
Kommetjie as well as U. lactuca from an integrated seaweed/abalone system at I & J farm. 
The three Ulva species in the current study have different morphological and anatomical 




















Table 2.1 Descriptions of the investigated specimens based on morphological, anatomical and cytological characters (T/S = Transverse Section 
and S/V = Surface View). 
Species 
 name 




Cell size (T/S) 
µm 








U. capensis Dentate (double), porous, 
wrinkled around 
perforations, undulate, 
thick lamina, branched, 
tough basally, ovate, dull 



















72-209 Curved rows 
in part 
1-4 (-5) 
U. lactuca Porous, thin, undulate, 
(un)branched, floating 
unattached thalli form flat 













38-86 short rows in 
part 
1 -2 (-3) 
U. rigida Thick, consistency firm, 
tufty at the base, incised, 
entire margins, smooth and 


































In addition,  U. rigida is found growing from the upper intertidal to shallow subtidal, from 
the Cape peninsula eastward into tropical East Africa whereas U. capensis grows from the 
mid-littoral to the shallow subtidal from Namibia to Cape Agulhas (Stegenga et al., 1997). 
Furthermore, only a few recent collections of South African Ulva have been identified as U. 
lactuca, and, Stegenga et al. (1997) suggested that most records of this species are probably 
incorrectly identified. There is now conclusive evidence that South African U. lactuca is not 
genetically identical to the original European U. lactuca (L. Kandjengo, unpublished data).   
 
At present, there are no published studies on South Africa’s Ulva species with respect to 
cultivation conditions that are relevant for aquaculture. Local seaweed farmers have raised 
concerns whether Ulva species grown on their farms have different ecological growth 
requirements. In the current study I measured the responses of three Ulva species to varying 
temperatures and irradiances as well as to known amounts of added nutrients to determine 
which nutrients may limit growth. Such information is required to increase our understanding 
of the growth requirements of this commercial crop and to develop management methods for 
successful mass cultivation. 
 
This study aimed to investigate: 
1. The growth rate of three local Ulva species under a wide range of environmental 
conditions in laboratory culture. Do these species have different responses to varying 
temperature, salinity, light and light quality given that they are collected from 
different environments (west coast shore and aquaculture farm)?  Do they prefer the 















2. Whether the growth of U. capensis and U. rigida in response to varying 
environmental factors can give an insight into whether these two represent a single 
polymorphic species, or have some ecophysiological phenotypic differentiation? 
3. Whether temperature tolerances for growth of local Ulva relates to their 
biogeographical distributions in nature.  
 
 
2.2 Materials and Methods 
2.2.1 Plant collection 
Fresh mature thalli of U. capensis and U. rigida were collected from Kommetjie (34º09′06″S, 
18º19′22″E) along the West coast of the Cape Peninsula during low tide, whilst U. lactuca 
was collected from I & J farm (34º37′38″S, 19º17′44″E) from a land-based re-circulating 
Ulva/abalone cultivation system. U. lactuca was collected from the farm because free-living 
populations could not be found despite numerous searches at sites were the species had 
previously been recorded (e.g. Simon’s Town, Saldanha Bay; Stegenga et al., 1997). At 
Kommetjie, U. capensis and U. rigida occupy the same intertidal zone with similar physical 
and chemical hydrological conditions. However, U. capensis is mostly found growing in tidal 
pools and U. rigida on exposed rocks. These species were visually identified based on 
morphological characters used by Stegenga et al. (1997). The algae were returned to the 
laboratory, washed and cleaned to remove any surface contaminants and epiphytes.  The 
species were identified according to Stegenga et al. (1997) using anatomical characteristics. 
The plant materials were examined in section and surface view under the light microscope 
with magnification up to 400 X. Sections for examination were cut from the holdfast, mid 
thallus and apical regions of the specimens. Cross sections of U. lactuca holdfast regions 















holdfast region. For acclimation, the plants were kept in the aquarium with circulating 
seawater at 14 °C, with continuous dim light. This was done to keep the plants in the same 
condition (an equilibration period) prior to the experiment.  
 
2.2.2 Culture methods 
2.2.2.1 Irradiance, salinity, temperature and light quality experiments 
Algae were cultured in one-third Provasoli medium (Provasoli, 1968) under a wide range of 




 (all ± 




) were provided by cool-white fluorescent tubes with a 16:8, Light: 
Dark photoperiod. Various irradiance levels were created by adjusting the number of 
fluorescent tubes and irradiance was measured using a Skye Quantum Sensor. Dark 
treatments were done by keeping the Petri dishes with Ulva discs in a box wrapped with 
black plastic bags.  
 
A total of nine salinities were used: 0, 5, 10, 15, 20, 25, 30, 35 and 40 PSS (all ± 0.1 PSS) 
Treatments with salinities less than 30 PSS were prepared by mixing natural seawater with 
deionised freshwater, while salinities greater than 30 PSS were achieved by evaporating 
seawater. Mean dissolved inorganic N (NH4 + NO3) in the initial seawater was 15.31 µM. 
Sodium nitrate was added to the deionised freshwater to make the mean inorganic N in the 
reduced salinity treatments the same as in the seawater treatments. One-sixth Provasoli ES 
nutrients were added to each salinity treatment. This strength of Provasoli ES was chosen to 
ensure that the salinity is altered minimally, and growth medium salinity was checked 
















Culture rooms and a growth chamber were set up to provide constant temperatures of 5, 10, 
15, 20, 25 and 30 
o




The individual light colours: red (600-700 nm), green (500-570) and blue (400-500 nm) were 
created by coloured glass attached on top of the growth box. The irradiance for all light 









2.2.2.2 Nitrogen and phosphorus experiments 
The effects of nutrients on algal growth were investigated using artificial seawater made from 
commercial sea salt. This sea salt contains all essential major and trace elements in optimal 
proportions and it does not contain phosphate and nitrate. This water was used to produce a 
basic culture medium that consisted of Provasoli nutrients with no added Nitrogen (nitrate 
and ammonium) or phosphorus. Enrichments of PO4
3-
 -P (0, 2.1, 6.7, 12.9, 25.9 and 56.8 
µM); NO3
- 
-N (0, 8.3, 32.7, 66, 132 and165 µM) and NH4
+
-N (0, 5.24, 10.5, 21, 41.9 and 83.8 
µM) were then added (as NaH2PO4 .2H2O, NaNO3 and NH4Cl, respectively), to the basic 
culture medium in various concentrations and all nutrient concentrations were ± 0.5 µM. The 
salinity level for all treatments was 35 PSS and all plants were grown at 15 
o






2.2.2.3  Growth measurements 
Before each experiment, thalli were rinsed with sterile seawater, and cleaned with low-lint 
absorbent papers (Kimwipes, Kimberly-Clark) to remove any epiphytes. Discs of 10 mm 
diameter were cut from thalli using a stainless steel cork borer. Vegetative material of each 
species was cultured in glass Petri dishes containing 150 mL of the appropriate medium, in 
culture rooms or growth chambers, under the appropriate environmental conditions, and there 















Petri dishes were regularly repositioned to ensure uniform irradiance was received by all 
culture dishes. The potential presence of contaminants in the medium was checked by 
viewing the culture medium using a light microscope.  
Growth measurements were taken and culture medium replaced in all cultures every 3 days 
for a total experimental period of 15 days. Growth was measured as the increase in disc area 
with time using a measuring ruler, across two perpendicular diameters (including the longest 
diameter) and averaged. Growth rates were determined as Specific Growth Rate using the 
equation:  SGR = 100 (ln (A0/An)/t) 
where Ai is the initial area of the disc and An is the area of the disc on the day of observation 
and t is time (De Boer et al., 1978). 
 
2.2.3 Statistical analysis 
Data from all experiments were tested for normality and homogeneity prior to statistical 
treatment using analysis of variance (ANOVA). Comparisons after ANOVA were made 




2.3.1 Effect of salinity on growth 
Growth of all algae was significantly affected by salinity (p < 0.05), and growth increased 
with increasing salinity up to 35 PSS. According to ANOVA (p < 0.05), there were 
significant differences in growth rates between U. rigida, U. capensis and U. lactuca at 
different salinities tested (Fig. 2.1). U. rigida and U. lactuca survived for 15 days in fresh 

















However at 0 and 5 PSS, U. capensis discs started to bleach within 2 to 3 days and the plants 
died after 5 to 6 days. Moreover, U. capensis growth was also reduced at other low salinities; 
attaining SGR of 0.3% d
-1
 at 10 PSS and discs from low salinity were thinner than those from 
high salinity when wet weights were compared.  The growth rates of U. capensis and U. 
lactuca were lower at salinities below 25 PSS. Salinities of 25 – 30 PSS yielded the best 
growth rate of 3.7- 4.0% d
-1
  for U. rigida whilst U. capensis and U. lactuca demonstrated 









































Figure 2.1: Effect of salinity levels on the specific growth rate of U. rigida, U. capensis and 
U. lactuca grown at 15 
o




. Growth measurements were taken after 15 
days of experimental treatment. Each point represents the mean value of 18 plants. Vertical 















2.3.2 Effect of irradiance on growth 
Although all species grew at all irradiances tested, there were significant differences in 
growth at different irradiance levels (Fig. 2.2). For U. rigida and U. capensis, the relationship 
between growth rate and irradiance was best described by a polynomial function (Fig. 2.3) 




reaching SGR of 4.6 and 3.8% d
-1
, 





, less growth was observed for these two species whilst U. lactuca growth increased with 
increasing irradiance tested attaining SGR of 5.9% d
-1





suggests that U. lactuca may be tolerant of even higher light levels. All species grew at the 




) but there was no growth in the dark. All species 









































Figure 2.2: Effect of irradiance on the specific growth rate of U. rigida, U. capensis and U. 
lactuca grown at 15 
o
C. Growth measurements were taken after 15 days of experimental 

















Figure 2.3: Polynomial function of effects of irradiance on the specific growth rate of U. 
rigida, U. capensis and U. lactuca grown at 15 
o
C. Growth measurements were taken after 15 
days of experimental treatment. Each point represents the mean value of 18 discs. Vertical 
bars indicate SE. 
 
2.3.3 Effect of light quality on growth 
In comparison to white light (Fig. 2.4) other light spectra tested resulted in lower growth rates 
(p<0.05). The growth was minimal under red, green and blue: after 15 days, the growth rates 
of U. rigida, U. capensis and U. lactuca were around 0.4, 0.4 and 0.8 % d
-1
 for red light, 0.1, 
0.4 and 0.7 % d
-1
 for green light, 0.9, 0.6 and 1.0 % d
-1
 for blue light, respectively. Blue light 
yielded significantly higher growth as compared to other spectra (red and green) (p<0.05) 
whereas green light and red light resulted in an initial peak in growth rate in the first week 
followed by no growth in the second week. All species had significantly higher growth under 
white light (p<0.05). Overall, all species had the same growth pattern , growing best in white, 

















































Figure 2.4: Effect of light quality on the specific growth rate of U. rigida, U. capensis and U. 
lactuca grown at 15 
o




. Growth measurements were taken after 
15 days of experimental treatment. Each point represents the mean value of 18 plants. 
Vertical bars indicate SE. 
 
2.3.4 Effect of temperature on growth 
As shown in figure 2.5, all species survived and grew over the tested temperature range of 5 -
25 
o
C but all died at 30
o
C, before the end of the experimentation period. At low temperatures 
the specific growth rate of all species was low and it increased with temperature, reaching its 
maximum at 15 
o
C (Fig. 2.5). The SGR of U. rigida, U. capensis and U. lactuca was 5.7, 4.1 
and 5.2% d
-1
, respectively at 15 
o
C. A temperature of 25 
o
C promoted rapid growth in the first 
week but growth rate declined towards the end of the experimental period. In addition at the 
end of the experiments U. rigida and U. capensis grown at 25
o















crinkled compared with thalli from lower temperatures. Overall, all species had the same 








































Figure 2.5: Effect of temperature on the specific growth rate of U. rigida, U. capensis and U. 




. Growth measurements were taken after 15 days of 
experimental treatment. Each point represents the mean value of 18 plants. Vertical bars 
indicate SE. 
 
2.3.5 Effect of nutrient enrichment on growth 
All treatments with nitrogen enrichment significantly increased the growth rate of all species 
compared with the control treatments (p<0.05) (Fig. 2.6), where all species showed almost 
zero growth in seawater medium with no N-enrichment. A regression analysis over different 
nitrogen sources indicated a significant increase in specific growth rate (SGR) with 
increasing molar N concentration until an optimum concentration.  
The highest growth rate was recorded at 21 µM NH4
+
-N for U. rigida (5.8% d
-1
), U. capensis 
(4.1% d
-1
) and U. lactuca (5.1% d
-1















loss. . When nitrate was used as N-source, the highest growth rate for U. rigida (5.4% d
-1
) 
was obtained at 32.7 µM NO3
- 
-N whilst for U. capensis (4.1% d
-1
) and U. lactuca (7.7% d
-1
) 
it was attained at 66 µM NO3
- 
-N. Most rapid growth of these three species occurred in the 
lower to mid-range (32.7 -132 µM) of NO3
-
 concentrations although all algae showed a broad 
tolerance to higher concentrations. For U. rigida and U. capensis, analysis showed that 
differences in growth due to the two N-sources were not significant (p>0.05) and for U. 
lactuca the highest growth was recorded when NO3
-
 was used as N-source. There was no 
evidence of spore production in any cultures and no spores were found in the culture medium. 
 
As shown in figure 2.7, all algae showed a broad tolerance t  phosphate with growth 
occurring at concentrations up to 56.8 µM (PO4
3-
-P). In U. lactuca, growth rates were 
significantly affected by PO4
3-
-P concentration (p < 0.05), with growth increasing with 
increasing PO4
3-
-P concentration up to an optimum level of 12.9 µM. The highest growth rate 
for U. lactuca (7.7% d
-1
) was recorded at 12.9 µM PO4
3-
-P whilst U. rigida (5.1% d
-1
) and U. 
capensis (4.1% d
-1
) grew most rapidly at 6.7 µM PO4
3-
-P. All species grew at low rates in 
seawater unenriched with PO4
3-
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Figure 2.6: Effect of nitrogen (A. ammonium and B. nitrate concentrations) on the specific 
growth rate of U. rigida, U. capensis and U. lactuca grown at 15 
o





Growth measurements were taken after 15 days of experimental treatment. Each point 
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Figure 2.7: Effect of phosphate concentrations on the specific growth rate of U. rigida, U. 
capensis and U. lactuca grown at 15 
o




. Growth measurements were 
taken after 15 days of experimental treatment. Each point represents the mean value of 18 
plants. Vertical bars indicate SE. 
 
2.3.6 Optimum growth parameters 
Figures 2.1 to 2.5 show the effect of environmental parameters on algal growth. Figures 2.6 
to 2.7 show the effect of the different nutrients and these data are summarised in Table 2.2, 



















Table 2.2 Environmental parameters found to promote the highest growth rates of three Ulva 
species in laboratory culture      


























U. capensis 35 80 15 6.7 66 21 
U. rigida 25-30 80 15 6.7 32.7 21 
U. lactuca 30-35 160 15 12.9 66 21 
 
2.4 Discussion 
In South Africa, there has been little or no research on growth in laboratory culture of Ulva 
under controlled conditions. The aim of this chapter was to determine the optimal growth 
factors and to gain an understanding of these factors in the culture environment. The in situ 
cultivation of seaweeds for abalone feed is an increasing practice in South Africa; therefore in 
order to maintain a constant supply of feed it is important to attain good yields. 
Ecophysiology studies are essential, with the main objective of providing information which 
could lead to the production of algal biomass which exhibits specific (e.g. nutritional) 
qualities. Laboratory-based growth experiments were conducted to determine these growth 
conditions, and to further our understanding of fundamental physiological processes. 
 
Under exposure to hypotonic or hypertonic conditions, algal cells may alter their internal 
osmotic pressure by pumping ions across cell membranes or by interconverting monomeric 
and polymeric metabolites (Hellebust, 1976; Dickson et al., 1982; Lobban and Harrison, 















growth, and grew between 5 PSS and 40 PSS. The relationship between specific growth rates 
and salinity followed an optimum curve with a maximum growth observed at 20 - 30 PSS for 
U. rigida and 35 PSS for U. capensis and U. lactuca. Growth rates at these salinity ranges are 
common for most Ulva spp. (Bliding, 1968; Koeman and van den Hoek, 1981, Fong et al., 
1996).  
 
For U. capensis, 10 PSS seems to be the minimum tolerance limit; salinity lower than 10 PSS 
resulted in death after 5 to 6 days. Although Ulva species have demonstrated an ability to 
regulate turgor pressure, Martins et al. (1999) also found that U. intestinalis died after 
exposure to 0 PSS for as little as 6 days. In addition, Ulva intestinalis inhabiting isolated rock 
pools along the Swedish Atlantic coast died at salinity less than 1 PSS (Bjork et al., 2004). 
However, U. rigida demonstrated tolerance of low salinities by actively growing at 0 PSS 
plus Provasoli ES nutrients, and Ohno et al. (1999) reported that U. prolifera in the Shimanto 
River, Kochi Prefecture, can survive in freshwater to 18 PSS conditions. Moreover, U. 
lactuca showed almost no growth but was able to tolerate 15 days in the non-saline medium 
and resumed normal growth when transferred to full seawater. Murthy et al. (1988) found 
decreased growth of U. lactuca below 30 PSS as did Friedlander (1992) who also found that 
U. lactuca lost biomass at salinity below 20 PSS.  Higher and lower optimal salinities have 
been reported for various Ulva species e.g. 35±40 PSS for U. lactuca (Friedlander, 1992); 25 
PSS for U. pertusa (Floreto et al., 1994) and U. fasciata (Morand and Briand, 1996).  
Furthermore, species-specific differences and ecotypic variation in salinity tolerance can 
occur in Ulva (Friedlander, 1992; Floreto et al., 1994). Therefore, we conclude that U. 
capensis and U. lactuca are probably capable of surviving in brackish waters, but not in 
freshwater environments compared to U. rigida. In addition, our results suggest that U. rigida 















attributed to their position in the intertidal zone.  U. capensis grows in tidal pools and U. 
rigida on the open rock nearby. Evaporation will not cause a rapid salinity changes in tidal 
pools but will increase the salinity of water in the surface films on U. rigida on open rock 
surfaces. Similarly, during rainy seasons the salinity of water in the surface films on U. rigida 
will be significantly reduced, therefore this species has adapted to a broader salinity tolerance 
than U. capensis. Furthermore, the ability of these Ulva species to withstand salinity of 0 – 10 
PSS for more than a day has proven useful for the control of epiphytes and grazers. Washing 
Gracilaria with fresh water has been found to control the growth of amphipods in South 
African Gracilaria aquaculture (Smit et al., 2003). Similarly, a study by Hansen et al. (2006) 
used the same practice to control the growth of the keyhole limpet Fissurella mutabilis in 
Ulva aquaculture systems. 
 
Light represents one of the most important governing factors for land-based seaweed 
cultivation (Bidwell and McLachlan, 1985) and light directly controls growth rates in nature 
(Lapointe and Tenore, 1981). The effect of light with growth of these three Ulva species was 
determined in order to develop a predictive equation on production. Understanding species-
specific light requirements under culture conditions is an important practice in managing 
land-based seaweed culture systems. Ulva is known to cope with pulses of high light as 
natural light levels are widely fluctuating (Sand-Jensen, 1988).  
 
Both U. capensis and U. rigida are found in the intertidal zone at Kommetjie and that could 
explain their similar growth responses to various irradiance levels. In the present study, the 
growth of U. lactuca was not saturated even at the highest light intensity used in this 




). Lapointe and Tenore (1981) obtained similar results, 



















. This shows that U. capensis 
and U. rigida have adapted to low light requirements whereas U. lactuca is adapted to 
relatively high light.  Our result agrees with those of Ramus (1978) who described the 
anatomy of Ulva lactuca as being adapted to high light environments. Furthermore, Fortes 
and Lüning (1980) found that the growth of Ulva lactuca is not inhibited at irradiances up to 




. Due to confusion in the taxonomy of Ulva species it is very 
unlikely that the above three studies are dealing with the same species (Malta et al., 1999; 
Blomster, 2000; Hayden et al., 2003; Kandjengo, 2003). The results showed that U. capensis, 





). Rosenberg and Ramus (1982) and Duke et al. (1989) found that irradiances 




are not limiting to Ulva growth. Ulva is capable of 
maintaining growth rates at reduced irradiances induced by factors like self shading at high 
densities (Altamirano et al., 2000) and this is attributed to their thin thallus which enables 
them to reduce self-shading both within and among the photosynthetic tissue (Sand-Jensen, 





(Vermaat and Sand-Jensen, 1987). 
 
Studies by Vergara et al. (1997) found that as Ulva biomass increases, light is attenuated by 
the thalli so that lower layers receive less light than those in close proximity to the surface of 
the mat. Browne (unpublished data) obtained similar findings for Ulva rigida from I & J 
farm. In the raceways at I & J farm, Ulva is constantly aerated and mixed using a paddle 
wheel, and thus each plant is exposed to pulses of light from time to time. However, this will 
depend on the stocking density and flow rate. In addition, Browne (unpublished data) showed 
that irradiance penetration in the raceway system decreases with increasing Ulva density and 



















. Our results 
showed that U. rigida, U. capensis and U. lactuca were able to maintain growth even at 20 




, although their optimum levels for growth were respectively at 




. Therefore, Ulva 
biomass of 2000 kg in the raceway is not light-limited for growth at midday. It is also 
important to note that with water movement in the raceways plants do not reside on the 
bottom of the raceways continuously.  
  
Photoadaptation occurs both in response to changes in photon flux density and spectral 
quality or light source. However, much more is known about responses to changes in light 
intensity than light quality. The growth of U. rigida, U. capensis and U. lactuca in different 




) seems to agree well with the 
absorption spectrum of the thallus and the action spectrum for photosynthetic activity of Ulva 
species that decline markedly in green as compared with blue or red wavelengths (Lüning and 
Dring, 1985). Blue light promoted better growth of all three Ulva species when compared to 
red and green light, a result comparable to those from studies of other algae (Dring and 
Lüning, 1985). However, contrasting findings were obtained in U. pseudocurvata Koeman et 
Hoek by Lüning (1992) who found blue light to cause an immediate reduction in growth rate. 
Nevertheless, the same species grown in green and red light showed an initial peak in growth 
followed by growth inhibition.   
 
When irradiance penetrates a canopy of U. rigida, U. capensis or U. lactuca it will be 
reduced, and the wavelength altered. According to Beach et al. (1995) this is the result of 
selective attenuation by chlorophylls and accessory pigments within the thallus that absorb 















possibly be related to differential photosynthetic activities under different light qualities. 
Although all species had the same pattern, growing best in white, about half that in blue, 
worse in red and worst in green, U. lactuca grew better than the other species in red and 
green light. Moreover, a study by Yokohama and Kageyama (1977) on deep water green 
seaweed and shallow water species discovered an absorption peak at 540 nm in deep-water 
species which was not present in shallow water species. The pigment absorbing light in that 
region was identified chromatographically as siphonaxanthin and this pigment is a 
characteristic of many siphonous greens (Kleining, 1969). U. japonica carries the pigment 
siphonaxanthin and Yokohama et al. (1977) found that the photosynthetic efficiency for U. 
japonica from a depth of 20 m was equal in green light to that in white light, and the 
efficiency was 50% greater than U. pertusa from shallow water which contains no 
siphonaxanthin. Moreover, these authors found that U. pertusa was 30% less efficient in 
green light than in white light. A spectrophotometric analysis from 480 nm to 750 nm was 
carried out, and none of the Ulva species in the present study had an absorption peak in the 
green portion of the visible spectrum. Therefore Ulva species in our study had no 
siphonaxanthin and possibly this is possibly why they all had poor growth in wavelengths 
other than white light. 
 
Temperature is an important part of the ecological niche, a concept that is often used to 
describe the range of tolerance (Lampert and Sommer, 1997). The water-temperature 
tolerances of different species of seaweeds are partly responsible for the patterns of 
geographic distribution of adult plants (Lüning, 1990). In the present study, U. capensis, U. 
rigida and U. lactuca grew well at temperatures similar to the water temperatures in their 
natural habitat but they also grew better at higher temperatures than occur in their habitat and 















limited by temperature range for reproduction rather than growth (Lüning, 1984). The west 
coast has a lower annual mean sea water temperatures (12 - 16ºC) than the south west coast 
(17 – 19ºC), a result of strong south easterly winds generating a semi-permanent upwelling 
system in which cold nutrient-rich water is brought to the surface in summer (Dieckmann, 
1980; Bolton, 1986). Although growth was highest at 15 °C, the results obtained at other 
temperatures should also be noted. Plants died at 30 
◦
C and the low temperature of 5 
o
C 
limited growth. It appears therefore that the three Ulva species have an upper survival limit 
somewhere just above 25, but below 30 
o
C. Furthermore, these species grew well at 25 °C, 
which is quite high for an algal species from the cold to warm temperate region (Fortes and 
Lüning, 1980; Lüning, 1990). Fries (1966) found the optimum temperature for growth of 
three red algae in axenic culture to be around 20-25 
o
C whereas the water temperature in their 
natural habitat rarely rose above 15 
o
C. This author hypothesized that this may have been due 
to the absence of bacteria from the culture since there is a physiological optimum temperature 
for the alga alone and there is an ecological optimum temperature in nature where it is 
interacting with bacteria and fungi.  However, cultures in the present study were not axenic, 
so lack of bacteria cannot explain this phenomenon here.  
 
Moreover, Biebl (1958) in Fortes and Lüning (1980) tested short term (12 hours) survival of 
different seaweed species under varying temperatures and found that Agarum cribrosum and 
Laminaria saccharina from West Greenland had upper survival temperature of 24 
o
C, well 
above natural water temperatures. An upper survival temperature of 23 
o
C (also well above 
ambient water temperatures) was observed in gametophytes of Laminaria saccharina from 
the Canadian Arctic, exposed for weeks to varying temperatures by Bolton and Lüning 
(1982). Biebl (1962) ) in Fortes and Lüning (1980)  found that tropical sublittoral algae have 
a lower lethal temperature as high as 14 
o















temperature characteristics radically given a lengthy geological time period. From our current 
study, despite U. rigida appearing to have a much wider geographical distribution into 
warmer waters (Stegenga et al., 1997), material from Kommetjie had similar temperature 
tolerances to material of U capensis from the same site. Alternative hypotheses are that these 
are the same species, differing in morphological form in different temperature regions, or that 
they are different species, with the distribution of U. capensis being limited by a factor other 
than the temperature tolerance of the adults.  
 
From an ecological point of view, this study found U capensis and U rigida to have similar 
temperature tolerances but they are reported to have different biogeographical distributions. 
On this basis it seems Ulva species on the south coast are not U. rigida or U. capensis 
because the growth rates of these two species declined towards the end of the experimental 
period when grown at 25 
o
C and plants started to have a different morphological form which 
is crinkled.  This may be true since according to Kandjengo (pers. comm.) all the species 
growing on the south coast are not U. rigida or U. capensis and probably will be called U. 
uncialis.   
 
The positive correlation between nutrient availability in seaweed culture media and the 
specific growth of Ulva has been well documented (Duke et al., 1989). Both P and N 
enrichment resulted in an increase of biomass after 3 days of incubation and the biomass 
continued increasing over the 15 days of the experiments. Nitrogen supply in Ulva is one of 
the most important factors regulating growth and photosynthesis (Pedersen, 1994).   
All species had almost zero growth in seawater medium unenriched with N but were able to 
survive in this medium; however bleaching occurred at the end of the experimental period. 















cultivated U. lactuca changed colour from green to green-yellow at a tissue nitrogen content 
of between 1.5 and 1.7% DW. Green indicated nitrogen-replete plants, and green-yellow 
indicated nitrogen starvation. This suggests that, for a limited time period at least, the algae 
used in the present study were able to rely on internal nutrient reserves for survival. The 
utilisation of accumulated internal nutrient reserves has been shown in Ulva by Fujita (1985); 
Rosenberg and Ramus (1982) and Duke et al. (1986). In Gracilaria, bleaching is a result of 
pigments being metabolized as a source of protein (Smit et al., 1997) and it is possible that 
similar metabolism can occur in these Ulva species during nitrogen starvation.  
 
Koutropoulos et al. (1991) found Ulva spp. to grow better when NH4
+
 was used as the N-
source rather than NO3
-
, but in the current study there was no significant difference in the 





, respectively. However, U. lactuca achieved highest growth rates when NO3
- 
was used. 
From the current results it is clear that NH 4
+ 
- N concentrations somewhat higher than 21 µM 
can produce adverse effects on the physiological processes of growth in U. rigida, U. 
capensis and U. lactuca. In addition, U. capensis and U. rigida were very sensitive to 
increased NH4
+
 and started losing tissue at a concentration of 84.5 µM NH 4
+ 
- N. Waite and 
Mitchell (1972) found that U. lactuca photosynthesis was inhibited at ammonium 
concentrations over 60 μM. Depression or inhibition of algal performance under high-nutrient 
conditions is known to depend on nutrient type, nutrient concentration and the degree of 
tolerance or adaptation to high nutrient levels (Fong et al., 1996). A better understanding of 
the relationship between growth rate and nitrogen concentration would improve fertilizer 
application in the cultivation of commercial seaweeds. Furthermore, abalones excrete 
















Even though nitrogen is believed to be the primary limiting nutrient for many seaweeds, 
evidence suggests that phosphorus may be as, or more important in certain waters. The results 
of in situ macro-algal bioassays in Florida reveal that inorganic phosphorus was 
quantitatively more important than nitrogen in limiting both photosynthetic capacity and 
growth of Gracilaria tikvahiae MacLachlan (Lapointe, 1986). Based on our results from this 
study, U. lactuca showed different responses to increasing concentration of PO4
3-
 -P as 
compared to U. capensis and U. rigida, suggesting that the first species is adapted to more 
eutrophic waters while the latter two species are adapted to lower phosphate concentrations. 
 
Ecophysiological results of this study found U. capensis and U. rigida to respond similarly to 
variations in irradiance, light quality, N (NH4
+
) and P enrichments. However, they showed 
different responses to salinity and N (NO3
-
), where U. rigida was very tolerant to low salinity 
and maintained highest growth at lower N (NO3
-
) concentrations than U. capensis.  Another 
important difference was that U rigida grew faster than U capensis in all experiments.  If the 
findings by Kandjengo (unpublished data) conclude that these two species represent one 
polymorphic species, the data from this study shows that perhaps these species have evolved 
two forms suited to different habitats. U. rigida generally grows on open rock whereas U. 
capensis is commonly found growing in nearby pools.  Therefore, these habitats could match 
with their salinity tolerances and NO3
-
 concentrations. 
 From the three Ulva species investigated in the current study, the best choice of Ulva species 
for cultivation would be U. lactuca as: 
 It has a high growth rate   
 Takes up more N and P 




















































Seasonal variation in photosynthetic production in intertidal Ulva capensis and Ulva 
rigida from the west coast of South Africa 
 
3.1 Introduction 
Most of the research on South Africa’s Ulva species has been on taxonomy (Stegenga et al., 
1997) and aquaculture (Robert-Andersson et al., 2007, 2008; Bolton et al., 2009; Smit et al., 
2010), and there are no studies that directly measured these species’ primary production.  
This chapter is focused on comparing the photosynthesis of two closely related taxa which 
grow close together but in different habitats, and studying their temporal patterns of 
production. Light is one of the main abiotic factors that regulate benthic seaweed abundance 
and distribution, depth limits and seasonal growth patterns (Gerard, 1988; Hanelt et al., 
1997). Ulva are highly adaptable plants and are able to readily adjust to changes in light 
availability. The plants are capable of maintaining growth rates at reduced irradiances that 
can be caused by factors like self-shading at high densities (Altamirano et al., 2000).  Algae 
living at any location along the shore must be better adapted to live, grow, and reproduce in 
that environment, and therefore physiological differences between species of intertidal 
macroalgae exist (e.g; Littler, 1980; Brown, 1987). High light levels can reduce 
photosynthetic activity (cause photo-inhibition) in seaweeds (Ramus and Rosenberg, 1980; 
Coutinho and Zingmark, 1987; Henley et al., 1991a, 1992).  
  
Seasonal submersed P-I curves of five species of intertidal seaweeds of differing 
morphologies from different shore zones on a South African rocky shore have been measured 
by Levitt and Bolton (1991). These authors reported that the thin, sheet-like Porphyra 















either when submersed or when emersed. Among these species, fleshy forms with flattened 
thalli were also highly photosynthetically productive, whilst the terete branched forms were 
the least photosynthetically productive. They also found that these species have highest 
productivity in spring and is lowest in winter.  In another local study by Levitt (1993) on the 
annual primary productivity of three littoral and three understorey sublittoral seaweed species 
between Cape Point and Yzerfontein, South Africa, the author found that the understorey 
species fix 68 t C.yr
-1
 and the intertidal species 541 t C.yr
-1
 along this portion of coast 
compared to 36 220 t C.yr
-1
 fixed by kelps.  
 
Primary production on an area basis, using the hole-punching method of Parke (1948), was 
measured in the kelps Ecklonia maxima (Mann et al., 1979) and Laminaria pallida 
(Dieckmann, 1980). These authors found that E. maxima in a west coast kelp bed produces 




 in seral and climax stands respectively, whereas total biomass 




 in the kelp 
beds that were studied.  Anderson and Hay (1986) used a biomass-based method to show that 
Desmarestia firma understorey populations at Oudekraal on the Cape Peninsula produce 






Specimens of U. capensis and U. rigida used in this study were collected from Kommetjie on 
the West Coast of South Africa, where they grow on the intertidal zone and are subject to 
fluctuations in light level. The former grows in intertidal pools whereas the latter is found 
growing on the open rock, exposed to the air at low tides. Besides growing in different 
habitats, these two species have different morphology but are extremely closely related 
according to ITS analysis and it was clearly shown by TCS analysis that these species could 















Furthermore, U. rigida grows from the upper intertidal to shallow subtidal, from the Cape 
Peninsula eastward into tropical East Africa, whereas U. capensis grows from the mid-littoral 
to the shallow subtidal from Namibia only as far east as Cape Agulhas, the southernmost 
point of Africa (Stegenga et al., 1997). The different habitats and geographical distributions 
of these two entities suggested that they may be expected to differ with respect to their 
photosynthetic response to light.  
 
This study aimed to:  
(i)  examine seasonal variations in  photosynthesis and respiration  in  U. capensis and U. 
rigida.  
(ii) to test whether these species have different photosynthetic performances. 
 
3.2 Materials and Methods  
3.2.1 Collecting site 
U. capensis and U. rigida plants were collected every month from January 2008 to May 2009 
from Kommetjie on the Cape Peninsula, South Africa (34º09′06″S, 18º19′22″E). These two 
Ulva species are found on the same intertidal zone with U. capensis growing in tidal pools 
and U. rigida growing on the open rock. U. rigida  has irregular incised or lobed thalli and is 
often found as small, firm rosettes a few centimetres in diameter; U. capensis has ovate to 
broadly lanceolate, often irregularly laciniate thalli, sometimes with numerous holes and 
dentate edges (Stegenga et al., 1997). Three replicates were collected each time and 
photosynthesis measurements were carried out on three plants. Three replicates were 
















3.2.2  Tissue preparation and photosynthesis measurements 
Ulva samples were placed in plastic bags filled with seawater and carried to the laboratory in 
a cooler box. By hand section and microscopic observation, anatomical characteristics were 
determined using characters in Stegenga et al. (1997). Experiments were carried out 
immediately after the algal samples were returned to the laboratory. Photosynthetic 
production of Ulva species was measured using the gas exchange method which has been 
used by several authors (e.g. Littler and Littler, 1980; Henley and Ramus, 1989a, b; 
Altamirano et al., 2000). Measurements of photosynthetic O2 evolution were performed using 
a Clark-type oxygen electrode (YSI Model), with a water jacket connected to a cooling 
circulator for temperature control (Fig. 3.1). Filtered seawater (pH 8.2, total dissolved 
inorganic carbon concentration 5 mM) was used as the medium for photosynthetic 
measurements. To avoid an eventual disruption of the oxygen probe due to super saturation, 
at the beginning of each experiment, the seawater inside the chamber was bubbled with 
nitrogen in order to lower the oxygen concentration to about 50% of saturation.  
 
Before each experiment, thalli were rinsed with sterile seawater and cleaned with low-lint 
absorbent papers (Kimwipes, Kimberly-Clark) to remove any epiphytes. Discs of 10 mm 
diameter were cut from thalli using a stainless steel cork borer and a total of 6 thallus discs 
were introduced into the chamber containing 150 mL of filtered seawater, which was 
magnetically stirred to ensure sufficient mixing inside the chamber. The temperature within 
the chamber was maintained at 15 
o
C by a water cooling jacket, illumination was provided by 
cool white fluorescent lamps, and photon irradiance was measured with a Skye Quantum 
light meter at the surface of the chamber. The plant discs were subjected to increasing photon 




















source. At each PFD, oxygen concentration measurements were taken over a 10-min period, 
which was long enough to observe a constant rate of change of O2 concentration and the rate 
calculations were made after a few minutes, when the slope stabilized. Dark respiration (Rd) 
was measured by completely blacking out the chamber. At the end of the experiment the 
discs were rinsed and dried for 24 h at 60 
o
C for dry weight (DW) determination. This 
procedure was repeated for each of three replicates.  
 
The photosynthesis parameters derived from the photosynthesis versus irradiance (P-I) curves 
were measured as follows: irradiance-saturated maximum net photosynthetic rate (Pmax) was 
calculated as the mean of values in the asymptote region of the P-I curve. Apparent 
photosynthetic efficiency (α) was estimated as the irradiance-limited slope of the P-I curve, 
and the intersection of the slope and Pmax is defined as the saturation irradiance (Ik), according 



















Figure 3.1:  Diagram illustrating equipment used for photosynthesis measurements. The 
copper coil contained cooled water pumped from a controlled temperature bath. 
 
3.2.3 Statistical analysis 
All data are expressed as means ± Standard Errors. All data were regarded significant at p < 
0.05. Photosynthetic rates between the species of each light treatment were compared using 
one-way ANOVA. The maximum photosynthetic rate, dark respiration, photosynthetic 
efficiency and saturation irradiance were compared between U. rigida and U. capensis in 




























3.3 Results  
The seasonal P-I curves for U. rigida and U. capensis are shown in figure 3.2 and the derived 
photosynthesis parameters are shown in figure 3.3. Light saturation of P-I curves occurred at 




 in both species in each season. Furthermore, the 




 was mostly higher in U. rigida than 





 the rates were about the same between the 2 species. Moreover, both species 




 in winter, spring and 
summer, while in autumn U. capensis had higher rates (Fig. 3.2). As shown in figure 3.3A, 
the maximum photosynthesis rate (Pmax) in U. rigida was significantly greater than in U. 
capensis (2-way ANOVA, p <0.05) in each season except in autumn when U. capensis had 
higher Pmax. Moreover, U. rigida had higher Pmax in spring and summer than in autumn and 
winter, whereas U. capensis had higher Pmax in autumn which decreased in winter and 
increased slightly in spring and summer (Fig. 3.3A).  Light saturation intensities (Ik) differed 
more within seasons and between species.  In both species, saturating irradiance was at its 
lowest during winter (p<0.05) (Fig. 3.3B). A pronounced seasonal difference in 
photosynthetic efficiency (α) was observed in both species (p < 0.01; Fig. 3.3C). 
Photosynthetic efficiency was greater in winter than in other seasons. Photoinhibition of 
photosynthesis was not observed in either U. capensis or U. rigida over the range of 




) (Fig. 3.2).  
As shown in figure 3.3D, there was no seasonal variation in the dark respiration of U. 
capensis, but U. rigida showed variations, with the lowest values during spring and high 
values during autumn. There were significant differences in the dark respiration of these 








































































































































































Figure 3.2: Photosynthesis-Irradiance curve for U. rigida and U. capensis during A: autumn; 
B: winter; C: spring and D: summer. U. rigida (solid triangles) and U. capensis (open 


























































































































































Figure 3.3: Seasonal variations of the parameters of photosynthesis-irradiance (P-I) curves; 
A: Pmax (maximum photosynthetic rate); B: Ik (irradiance saturation); C: α (photosynthetic 
efficiency) and D: Rd (dark respiration rate). U. rigida (solid triangles) and U. capensis (open 


























The two Ulva species (U. rigida and U. capensis) showed distinct seasonal variations in P-I 
curve with differences in Pmax, Ik, α and Rd. As can be seen in Table 2.2, in both species light 
saturation of growth occurred at considerably lower irradiances (see Chapter 2) than light-
saturation for photosynthesis and a similar pattern has been reported in other seaweed 
species. 
 




) for photosynthesis and growth. 
Species Photosynthesis Author Growth Author 
U. rigida 240 - 400 This study 80 This study 
U. capensis 240 - 400 This study 80 This study 
U. lactuca 200 Yokohama, 1973 70 Fortes and Lüning, 1980 
Laminaria saccharina 150 Lüning, 1979 70 Fortes and Lüning, 1980 
 
Lüning (1980) concluded that the difference in saturating photon flux densities for 
photosynthesis and growth indicates that processes besides photosynthesis may limit growth 
and in this context it can be misleading to extrapolate optimum irradiances for growth from 
short-term measurements of photosynthesis. Furthermore, higher photosynthesis productivity 
in spring or summer and lower in winter has been reported in many seaweed species by 
several authors (Littler 1980; Levitt and Bolton, 1991; Henley, 1993; Vergara et al., 1997). 
The same trend was observed in the present study in both species. There were differences in 
the maximum photosynthetic rates between the species, with U. rigida having the highest 
values. This is possibly because U. rigida was found higher on the shore and on open rock, 
and showed greater net photosynthetic rates than U. capensis which is found in tidal pools. 
This is not surprising as a study by Zaneveld (1969)  showed that upper shore algae, 















they tend to have high rates of photosynthesis during periods when they are immersed as an 
adaption to their shorter daily opportunity for photosynthesis. U. capensis photosynthesis is 
saturated at a relatively low irradiance, probably because the plants occur in tidal pools.  No 
photoinhibition was detected in either, probably due to the short incubation times and 
relatively low irradiances tested. Low nitrogen levels have been found to intensify 
photoinhibition in U. rotundata (Henley and Ramus, 1989), but the short duration of the 
experiments would reduce such likelihood here.   
 
Saturating irradiances (Ik) showed a seasonal pattern in both species and Ik was reduced 
during winter and increased in spring and summer. The average Ik values from this study was  








1 for U. capensis which 




previously reported for 
upper- and mid-sublittoral species (Lobban and Harrison, 1994). For instance, Rosenberg and 




 ; Beach et al. (1995) 




 for Ulva fasciata and Han et al. (2003) found Ik  to 




 for U. pertusa;  Figueroa et al. (2003) found U. 




 and the same author found subtidal U. 




, which is much lower than values obtained from 
our study. It has been suggested that a low value of Ik usually indicates the inefficient use of 
high irradiance rather efficient use of low irradiance (Henley, 1993). 
 
In both species, values of α varied with seasons and α was reduced during spring and summer 
suggesting a reduction in the efficiency of light harvesting and energy conversion. Therefore 















efficiency at low irradiances, but an increasingly efficient use of high irradiances during 
spring and summer. 
Although the growth phases of these two species at Kommetjie have not yet been studied, 
from the photosynthesis experiments, a relationship between the growth phases and 
photosynthesis can be extrapolated from figure 3.3A. The Pmax for U. rigida was lowest in 
autumn whereas for U. capensis it was lowest during winter and this could be their static 
growth phase. In addition Pmax was low in U. rigida during winter, but higher than in autumn, 
indicating active growth.  Furthermore, Pmax was higher in spring and summer for U. rigida 
and higher in U. capensis during autumn possibly indicating their reproductive or thallus 
producing phases.  
Assessment of the overall photosynthetic performance showed that these two species appear 




























Productivity and species dominance of Ulva in outdoor culture raceways at Irvin & 
Johnson abalone farm 
 
4.1 Introduction  
In South Africa the first abalone farms were built in the early 1990s and since then the 
demand for fresh kelp fronds for feed has increased. South Africa is currently the largest 
producer of cultured abalone outside Asia (Troell et al., 2006), producing ca. 1,100 t of 
abalone in 2007 (Robertson-Andersson, 2007). Marine Growers, near Port Elizabeth, were 
the first to cultivate seaweed in tanks as feed for abalone, partly using the expertise of 
students who carried out research into land-based cultivation techniques. Later, Wild Coast 
Abalone set up a large scale seaweed system (in raceway ponds) using a system based on 
research conducted in Israel by Friedlander and Levy (1995). Subsequently, Irvin and 
Johnson (I&J) farm built a re-circulating system with seaweed raceway ponds in 2005 
(Robertson-Andersson, 2003; Bolton et al., 2008). In recent years, many countries have 
embarked on seaweed cultivation due to the challenge of obtaining fresh feed for abalone. 
For instance; in Chile, there has been a strong demand for fresh seaweed, mainly 
Macrocystis, in order to feed the abalone and currently both the red abalone (Haliotis 
rufescens) and the Japanese abalone (Haliotis discus hannai) are being cultured (Machiavello 
et al., 2010). Vásquez et al. (2006) estimated that these farms require an average of 500 t 
fresh algae per month and this amount is continuously increasing. It has been roughly 
calculated that close to 1,000 t of abalone will be produced in Chile by 2010.  
 
Currently, cultured seaweeds represent most of the world’s seaweed production, which is 















Sawhney, 2009). Wild Coast Abalone at Haga Haga near East London has become world 
leaders in commercial land-based Ulva cultivation (Bolton et al., 2008). Over 1,000t fresh 
weight of Ulva was cultivated on South African abalone farms in 2007, primarily for feed, 
but in one case to allow partial re-circulation by nutrient removal (Bolton et al., 2008). 
Furthermore, in the Pacific, the red seaweed Palmaria mollis or Pacific dulse is used as both 
a bio-filter and feed in temperate, land-based marine aquaculture of abalone and finfish 
(Demetropoulos and Langdon, 2003).  
 
In South Africa, a green macroalga, Ulva is successful utilized as both feed for abalone and 
bio-filter in land-based aquaculture operations. Research has shown that abalone aquaculture 
has a relatively low environmental impact compared to other forms of aquaculture because 
abalone are mainly fed on kelp or feeds with relatively low fishmeal contents (Troell et al., 
2006). However, although abalone farm effluent generally has a relatively low dissolved 
nutrient concentration; studies have shown that release of nutrient particulate loading is 
significant and could have negative effects on the local marine environment (Brandt, 2006). 
In Israel, macroalgae are used for nutrient removal: waste water from sea bream ponds is 
treated with Ulva (Cohen and Neori, 1991), demonstrating that it is biologically, technically 
and economically feasible (Chopin et al. 2001, Troell et al., 2003, Neori et al., 2004). Ulva 
spp. are efficient bio-filters and are able to remove up to 90% of dissolved nitrogen from 
aquaculture effluent (Neori et al., 1998). A local study by Robertson-Andersson (2003) 
showed that Ulva has high nutrient uptake rates, removing 90 % of ammonium during the day 
and 80 % of the ammonium during the night from abalone water. These results were similar 
to findings by Goldberg et al. (1998), who found Ulva to remove about 90 % of ammonium 















As a feed, farm-grown Ulva has been found to be rich in protein and to provide for good 
growth of Haliotis tuberculata (Neori et al., 1998; Shpigel et al., 1999), Haliotis discus 
hannai (Shpigel et al., 1999) and Haliotis roei (Boarder and Shpigel, 2001) and to improve 
the growth of Haliotis midae in conjuction with other seaweed and artificial feed (Dlaza, 
2006; Naidoo et al., 2006; Robertson-Anderson, 2007). 
The current study was conducted at Irvin & Johnson (I & J) Abalone Farm which is a land-
based intensive mariculture operation that cultivates primarily abalone (Haliotis midae). The 
farm also grows seaweed (mainly Ulva and some Gracilaria); and has a fish hatchery, with 
pilot commercial culture of Kob (Argyrosomus japonicus). Previous research on Ulva 
cultivation at I & J farm showed promising results for commercial venture (Robertson-
Andersson, 2003; 2007, Bolton et al., 2008) and in situ cultivation of seaweeds for abalone 
feed is carried out on a small number of abalone farms in South Africa. This chapter focuses 
on Ulva productivity at I & J Farm, where the investigated system is a semi-closed seaweed 
integrated abalone farm comprising a platform with tanks of abalone, connected to four 
seaweed raceway ponds. At present at least three different species of Ulva have been grown 
commercially on South African abalone farms (Lineekela Kandjengo, pers. comm.) but only 
two (U. rigida and U. lactuca) have been recorded at I & J farm. Previous records of U. 
capensis (Bolton et al., 2008) were a misidentification of U. rigida.  Extrapolating from 
experiments conducted at I & J farm (Robertson-Andersson, 2007), an Ulva production target 
of 2.5 t per raceway pond per month in summer and 1.5 t per raceway pond per month in 
winter was proposed (Bolton et al., 2008). This system has been running since January 2006, 
and production data per raceway per month were recorded up to date. Bolton et al. (2008) 
included production data for 2007 and the production has been increasing, and is approaching 
proposed target production. The average monthly yield per raceway throughout 2007 was 















(January–March) and this problem is associated with an epiphyte growth on the Ulva. This 
chapter will focus on investigating the actual Ulva production in the raceways, relative to 
production targets from 2008 -2009, to update data of Bolton et al. (2008). 
It had been noted that the mixture of Ulva species used in the raceways changes its relative 
proportions seasonally: data for 2007 showed that U. lactuca was more abundant from July - 
late November, and U. rigida from December – April (Bolton et al., 2008). Due to this 
change in species dominance, ecophysiological properties of these species were investigated 
in Chapter 2. 
 
A SWOT analysis by Bolton et al. (2008) showed that commercial cultivation of Ulva for 
abalone feed has been productively carried out in South Africa. However, the activity is 
relatively new, and further research on the taxonomy and ecology of Ulva is required to 
improve understanding of the biology and cultivation ecology of this lucrative crop. Although 
much  research has been done on growth rates of seaweeds in integrated aquaculture systems, 
(see: Neori et al., 1996; 1998, Msuya and Neori, 2002;  Schuenhoff et al., 2002; Robertson-
Andersson, 2003; 2007), most of these studies are based on experimental small and pilot-
scale systems and the management constraints experienced on a commercial farming scale 
are invariably  different. Therefore this study was designed to:  
(i) investigate actual Ulva production in the raceways, relative to production targets,   
over 2 years.  
(ii) determine if species dominance changes in the raceway ponds persist.  
(iii) investigate seasonal differences in physico-chemical variables in the raceways (light 
intensity, temperature, dissolved oxygen and pH) and their influence on the SGR 















4.2 Materials and Methods 
4.2.1  System description 
The system is a semi-closed seaweed integrated abalone farm where a platform with tanks of 
abalone is connected to four seaweed raceway ponds. The nutrient-rich effluent water from 
the abalone tanks passes through the seaweed raceway ponds where part of the nutrients are 
absorbed by the Ulva. The cultivation system consists of a pump house, a header tank where 
pumped seawater is mixed with the re-circulated water from the recirculation dam, a platform 
with 128 tanks of abalone, a drum filter, five seaweed raceway ponds (four in which Ulva 
was cultivated and one that was out of production), and a recirculation dam (Fig 1). The 
abalone platform is connected to the seaweed raceway ponds through a channel, and the four 
Ulva raceway ponds receive abalone waste water from the 120 tonnes abalone platform 
through a drum filter where 50% of water from the Ulva raceway ponds is re-circulated back 
to the abalone farm unit (Nick Loubser, pers. comm.). The water exchange rate is about 13.3 







































Figure 4.1: The integrated aquaculture system at I & J farm. 
 
4.2.2 Ulva raceway ponds 
Table 4.1 shows the dimension of raceway ponds at I & J farm, and each raceway pond 
shares a paddle wheel with the raceway pond next to it. The rotating speed of the paddle 
wheels is nine turns per minute (Lize Schoonbee, pers. comm.). The wheels keep the water in 
motion and break the Ulva into pieces that can move around and absorb light efficiently.  The 
raceway ponds are lined with a high density (750 micron) polyethylene liner, to facilitate 
easy cleaning and maximize light reflection (Lize Schoonbee, pers. comm.). Once a week, 
each raceway pond is fertilized with 1.5 kg of ammonium sulphate and”Supergrow”® (P: 
203g/kg, S: 23,6g/kg, Ca: 171, 4g/kg) in a ratio of 6:1 (Luvuyo September, pers. comm.). The 
Ulva raceway ponds 
























fertilizer is added in the late afternoon after disconnecting the raceway pond from the rest of 
the system by closing the inlet- and outlet sluice gates. The fertilization of all raceway ponds 
took place every Tuesday and the amount of nutrients added was the same for all raceway 
ponds, and thus independent of seaweed density in the raceway ponds. Each month, 
harvesting took place on a Monday, the day before fertilization. The harvested seaweed was 
fed to young abalone (12mm- 40mm; 1.5g – 30g) at the farm (Lize Schoonbee, pers. comm.). 
As a common practice at the farm, all the raceway ponds were covered with an 80 % shade 
cloth from September to March to prevent high light intensity as well as Myrionema epiphyte 









Table 4.1:  I & J raceway pond dimensions and stocking values. 
 
4.2.3  Ulva production 
Production of Ulva was examined from January 2008 to December 2009 and Ulva material 
was harvested by farm employees from the raceway ponds at the end of every month; each 
raceway has an underground drain pipe which surfaces from the raceways on the sea side. 





























Ulva is harvested in perforated baskets to allow the water to drain through. The Ulva 
harvested from each raceway pond was weighed and the weight was estimated as the number 
of baskets of an assumed standard weight. Following weighing, the raceway ponds were 
immediately reseeded with 500 kg of the Ulva.  
Specific growth rates were calculated from the monthly wet weight values using the 
following formula: SGR = 100[ ln(Wt) - ln(Wi)]/t 
where Wt=final weight (kg wet weight); Wi= initial weight (kg wet weight) and t= time 
(days) 
 
4.2.4 Proportion of U. lactuca and U. rigida in each raceway p nd 
Proportions of each species from four raceway ponds were investigated during 2008 (from 
January 2008 to November 2008) and 2009 (from February 2009 to August 2009). Random 
Ulva samples (approximately 200 g each) were sampled from each raceway pond every two 
weeks and a total of three samples were taken from each raceway. The data for each species 
are presented on a monthly basis (n= 4 raceway ponds x 3 samples x every 2 weeks x 1 
month). The samples were delivered to the laboratory, cleaned of epiphytes and sorted out 
according to species. By hand section and microscopic observation, anatomical 
characteristics were determined using diagnostic characters in Stegenga et al. (1997), and 
thallus colour was also noted using the Methuen Handbook of Colour (Konerup and 
Wanscher, revised by Pavey, 1978)). Throughout September to March, the raceway ponds 





















4.2.5  Physico-chemical measurements 
In situ measurements of physico-chemical variables in Ulva raceways were carried out from 
January 2008 – December 2009. Luminous intensity, temperature, dissolved oxygen and pH 
were recorded ever day for long term monitoring in the seaweed raceway ponds. Luminous 
intensity was measured using a HOBOware light meter which ran throughout the day and 
night and information was downloaded every week. During September to March, the raceway 
ponds were covered with a shade cloth and light measurements were taken under the shade 
cloth.  
Dissolved oxygen and pH was measured twice daily, before 10:00 am and after 15:00 pm, 
using an Oxyguard dissolved oxygen and pH meter, and for each month there are 60 
measurements averaged. Luminous intensity which is measured in lux does not measure 
photosynthetically available light, and so values were converted to light intensity and the 




 is a wavelength dependent conversion and 









 (Hershey, 1991).  
 
4.2.6 Statistics  
The analysis for this study was done using STATISTICA 8.0. One way ANOVA’s were used 
to determine significant differences in SGR  and physico-chemical parameters between the 
different seasons, and 2- way ANOVA’s were used to determine significant differences in 
species dominance at different seasons. Correlation between species dominance and light 















4.3  Results 
4.3.1  Annual physico-chemical parameters 
As shown in figure 4.2, the light intensity did not show a clear trend.  During January to 
March 2008, the raceway ponds were still covered (and had been since September 2007) and 









. Interestingly, during September to December 2008, the light intensity was 









despite covering of  raceway ponds with a shade cloth. Furthermore, in January to March 
2009, (raceway ponds still covered since September 2008) the light intensity was twice as 








. In addition, during September to December 









.  The light was measured under the shade 
cloth and the light was higher in the summer than winter, even though they were shaded in 
the summer. 
 
Water temperatures (Fig. 4.3) showed a seasonal trend during 2008 and 2009 with 
temperature increasing from spring to summer and the overall range of temperatures was 10.6 
– 23.8 ºC. There was no statistical difference between the average winter temperatures 
recorded in 2008 (14.3 ± 0.5 ºC) and 2009 (14.4 ± 0.3 
o
C); between summer temperatures 
recorded in 2008 (17.3 ± 0.4 
o
C) and 2009 (17.9 ± 0.7 
o
C); between spring temperatures 
recorded in 2008 (14.4 ± 0.9 
o
C) and 2009 (15.3 ± 0.5 
o
C) and between autumn temperature 
recorded in 2008 (16.3 ± 0.1 
o
C) and 2009 (16.4 ± 0.1
 o
C). There were significant difference 
between winter, spring temperatures and summer, autumn temperatures. However, there were 















Mean dissolved oxygen of water in Ulva raceways showed no significant seasonal variation 
(9.4 – 10.6 mg/l) with mean values of 9.9 ± 0.3 mg/l in 2008 and 8.8 ± 0.2 mg/l in 2009. The 
range was slightly higher in summer and autumn; however there was no clear seasonal 
pattern (Fig. 4.4).  
 Figure 4.5 shows the monthly pH values in Ulva raceway ponds during 2008 and 2009.  
There was no seasonal trend in the pH values and there was no statistical difference between 
pH values of 2008 and 2009 (p>0.05) and the pH mean values were 7.8 ±0.1 in 2008 and 7.5 


























































Figure 4.2: Monthly average light intensity of the raceway ponds for 2008 and 2009 at I & J 








































































































































Figure 4.3: Monthly average water temperature of the raceway ponds for A.  2008 and B. 
2009 at I & J farm. The vertical bar show maximum and minimum values, while the box 






















































































































































Figure 4.4: Monthly average dissolved oxygen in the raceway ponds water for A.  2008 and 
B. 2009 at I & J farm. The vertical bars show give maximum and minimum values, while the 

















































































































Figure 4.5: Monthly average water pH in the raceway ponds for A.  2008 and B. 2009 at I & J 
farm. The vertical bars show maximum and minimum values, while the box shows the 















4.3.2  Ulva production 
In January 2008, raceway 1 and 2 were undergoing re-construction therefore harvest in 
January was missed (Fig 4.6A). In July 2008, raceways 1 and 4 overflowed resulting in the 
loss of some Ulva and as a consequence harvest was missed from raceway 4 and raceway 1 
had a low production. Therefore, it was decided that these two raceway ponds should be 
restocked with 250 kg which is 50% of their usual stocking density and this led to a low 
harvest for August 2008 compared to other raceways. During September 2008, the raceways 
were covered with a shade cloth to lower the light intensity and Myrionema on Ulva. There 
was no harvest from raceway 2 during October 2008 as the raceway was destroyed by a 
storm.  
 
Furthermore, as shown in figure 4.6B, during June 2009 there was no harvest from raceway 
ponds 1 and 3 and again no harvest from raceway 3 during July 2009, since the farm was 
conducting maintenance work. In August 2009 Ulva from raceway pond 1 was harvested 
earlier than the normal harvesting time and this led to low production. In addition, as shown 
in Fig 4.6 A and B, Ulva production fell below target particularly in the early months of the 
year (January–March). In the past this problem has been associated with an epiphyte, 
Myrionema on the Ulva, however this problem has been effectively managed since 2008. 
Moreover, during 2008 Ulva production was still below the winter and summer proposed 
target, but during 2009 the proposed target for winter was approached but yield was still 
below the target proposed for summer. 
 
The average production values per 4 working raceway per month from January 2008 until 















monthly production per 4 working raceway throughout 2008 was 1567 kg and for 2009 was 
































































































































Figure 4.6: Monthly production of Ulva per working raceway pond at I & J Abalone Farm 
during A. 2008 and B. 2009. The graph includes the initial proposed target production by 














































































Figure 4.7: Monthly average production of Ulva per working raceway ponds at I & J Abalone 
Farm from January 2008 to December 2009.  
 
Seasonal growth data for Ulva per working raceway pond were expressed as percentage 
growth per day calculated on a wet weight basis (Table 4.2). Ulva growth rates were different 
in each raceway due to different culture conditions and the maintenance status of the 
raceway. In 2008, there were problems with re-construction and water overflow in some 
raceways and this affected the growth patterns at different seasons. A more consistent pattern 
of growth was observed in 2009.  
 
As shown in Table 4.3, there was a significant statistical difference in the overall growth rate 
of Ulva at different seasons during 2008 and 2009 (p<0.05). In 2008, the best growth was 
obtained during summer and autumn with low growth during winter. Conversely, during 















in growth during autumn and winter. Furthermore, winter of 2009 had similar growth rates to 
those of spring of 2008.  
 
Table 4.2. Average SGR (% wwt.day
-1
) of Ulva production per working raceway pond at I & 
J farm over four seasons with Standard Errors in brackets. 
 
Year Spring Summer Autumn Winter 
 
2008 
    
Raceway 1 2.50(±0.38) 3.90 (±0.00) 3.40(±1.50) 1.40(±1.27) 
Raceway 2 3.15(±0.28) 2.23 (±1.26) 4.50(±0.63) 3.10 (±0.56) 
Raceway 3 3.55(±0.55) 4.32 (±0.29) 3.91 (±0.24) 3.11 (±0.37) 
Raceway 4 2.91(±1.05) 4.88 (±0.36) 4.42 (±0.59) 3.03 (±0.11) 
 
2009 
    
Raceway 1 3.66(±0.50) 3.47 (±0.51) 3.00(±1.50) 3.48(±0.56) 
Raceway 2 3.94(±0.20) 3.47 (±0.41) 3.04(±0.61) 3.26 (±0.67) 
Raceway 3 3.90(±0.13) 3.52 (±0.44) 3.51 (±0.68) 2.34 (±1.74) 



















Table 4.3.  Average SGR (% wwt.day
-1
) of Ulva at I & J farm with Standard Errors in 
brackets, obtained in each year for each season.  
 
Year Spring Summer Autumn Winter 
2008 3.02 (±0.57) 3.83 (±0.93) 4.05 (±0.45) 2.65 (±0.58) 









4.3.3  Species proportions in the raceways 
As shown in Fig. 4.8, there was always more U. rigida in the culture raceways, except in 
September 2008 when proportions of the two species were equal, and in October and 
November 2008 when there was more U. lactuca. The two years have different patterns, and 
the only overall pattern is that the culture system is dominated by U. rigida almost 
throughout.  Analysis showed (Fig. 4.9) that there was a strong correlation between the light 
intensity and proportion of U. lactuca in the raceways during the entire period of 2008 and 
2009 (r
2
=0.73). U. rigida predominated throughout the year and it is likely that if the raceway 
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Figure 4.8: Proportion of U. lactuca and U. rigida in the culture raceways during Jan 2008 to 
November 2008 and February 2009 to August 2009.  From the left Bar 1 shows where 






















































































Figure 4.9: Correlation between percentage by weight of U. lactuca in the raceways and 
average monthly light intensity during January 2008 to November 2008 and February 2009 to 
August 2009 (n=11 for 2008 and n=7 for 2009).  
 
4.4 Discussion 
Measurements of Ulva yield each season are very important for farm management. The 
current study has contributed information on Ulva production throughout the year and 
conducting this study over 2 years was necessary to observe seasonal changes in the system 
performance in terms of Ulva production.  The average monthly yield per raceway 
throughout 2006 was 1,877 kg and for 2007 was 1,419 kg and Ulva production was below the 
proposed target production for winter and summer (Bolton et al., 2008). Comparing our data 
to those obtained by Bolton et al. (2008), it’s clear that the average monthly yield per 
raceway throughout 2006 – 2009 didn’t increase significantly. However, from the present 















is below the proposed target production for summer and this raised a question whether the 
target for summer was realistic. A more realistic target should be based on real production per 
raceway. From the data in this chapter, a realistic target for summer for 2008 would have 
been as follows: 
 Stocking density = 500 kg raceway -1 
 Summer SGR =3.83 % wwt.day-1 of Ulva raceway -1 
 Summer target = 1.9 t per month 
 
Similarly, summer target for 2009 would have been 1.7 t per month. The set targets will 
remain the same as they can be reachable with further modifications of light and/or nutrients 
in the system. .  
As can be seen in Bolton et al. (2008), in years prior to this study it was noted that Ulva 
health can vary considerably throughout the year and during spring/summer there were 
outbreaks of an epiphyte infection which can cause severe damage to Ulva and reduce the 
production significantly. Covering of raceway ponds with shade cloth during spring/summer 
has been a farm management tool to prevent or reduce epiphyte infection. In 2009, the 
proposed target productions for winter were achieved possibly because they were realistic or 
there were more favourable growth conditions in the raceway system during the winter 
period.  
 
Monitoring for pH, temperature and dissolved oxygen in seaweed raceways is an important 
part of farm management. This is because pH is an indicator of CO2 levels in the water and 
pH greater than 9 is known to be unfavourable for seaweed growth (DeBusk et al., 1986). A 
study by Lapointe (1981) and DeBusk et al. (1986) found prolonged periods of high pH to 















temperature are two of the most important variables. Experiments by Boyd (1998) showed 
that pH and temperature determine the amount of ammonia that is in the non-ionic (toxic) 
form. The ratio between ionised ammonium (non-toxic) and non-ionized (toxic) ammonia can 
change rapidly depending on the pH. During this study period pH remained well below 9 
which indicated that Ulva was growing under favourable pH conditions.  
 
It is also important to note that the range of mean dissolved oxygen obtained from this study 
is above critical levels for abalone respiration at night (6mg/l) (Lyon, 1995), indicating that a 
key requirement of the integrated abalone/seaweed system is met. 
 
The mean temperatures recorded in the raceways during the study period (14.3 ºC to 17.9 
o
C) 
are within the ranges that promote the best growth for U. lactuca and U. rigida (see Chapter 
2). Temperatures of 5 
o
C prevent growth in these species and when temperature was 
increased to 30 
o
C, death occurs.  In addition, the mean abalone effluent water temperatures 
in which Ulva is grown fell within the optimum temperature ranges for maximal growth rates 
of these species and other temperate Ulva species.  
 
In order to achieve the proposed target production, water flow rates should be kept high to 
increase the amounts of available nutrients. DeBusk et al. (1986) conducted experiments on 
the effect of seawater exchange rates on the SGR of several species of Ulva and the results 
indicated that higher production rates were obtained in systems that have high water 
exchange rates (20 volumes d
-1
) compared to systems that had low water exchange rates (4 
volumes d
-1
). They concluded that reduced carbon availability was the limiting factor in U. 
lactuca growth at low water exchanges. Similarly, Parker (1981) found that ammonium 















replacement of nutrients in the culture system, as nutrient-depleted seawater is constantly 
renewed. In the current system, low productions of Ulva were recorded in raceways that had 
low water flow which was later resolved by making necessary repairs to the affected 
raceways. The physico-chemical parameters were in the optimal range for seaweed 
cultivation; however, adequate water velocity and turnover should be maintained at all times 
because it can negatively affect those parameters, and hence the growth rates of Ulva. 
Overall, the fine balance has to be found between water exchange rates, productivity and 
biomass.  
 
The increased proportion of U. lactuca during months of high light intensities suggests that 
U. lactuca is better adapted to high light. This hypothesis is further supported by the findings 
in Chapter 2 that compared the SGR of U. lactuca, U. rigida and U. capensis grown under 
varying irradiances and showed that U. lactuca grew well at the highest irradiance tested. The 
present study shows that light intensity is one of the important environmental factors 
determining the proportion of U. lactuca in the raceways. Consequently, it can be thought 
that U. lactuca increases during periods of high light intensity irrespective of the season 
whilst U. rigida is predominant all year round. Then it can be said that U. lactuca dominated 
in summer unless the raceway pond was shaded. Similar findings were obtained by Bolton et 
al. (2008) from pilot commercial tank cultures on a west coast farm (Jacobsbaai Sea 
Products). The tanks were subjected to 80% shade cloth in the summer (December) and the 
Ulva composition changed rapidly from a dominance of U. lactuca to U. capensis (which was 
misidentified as U. rigida). On removal of the shade cloth, this dominance reversed. Thus in 
















 In addition, according to Bolton et al. (2008) the raceway ponds at I & J farm were also 
shaded with 20% shade cloth which resulted in U. lactuca becoming infected with an 
epiphyte because the shading was too little and when 80% shade cloth was applied it resulted 
in U. rigida dominating in summer. During the present study 80% shade cloth was applied 
during summer which resulted in the dominance of U. rigida and it is likely that such heavy 
shading during summer potentially reduces total production because the plants are receiving 
insufficient light.  Perhaps in the future less dense shade cloth may be used to ensure that 
Ulva is receiving sufficient light intensity. 
 
It is noteworthy that the integrated Ulva/Abalone system at I & J farm produces healthy Ulva 
year-round in substantial amounts. Therefore it can be concluded that Ulva production at I & 
J farm is successful and with the completion of this whole research project, data on the 
biology of Ulva species cultivated in integrated re-circulating systems on commercial abalone 
farms is available. This will allow better management of this lucrative feed crop in terms of 
yield and disease control. However it must be clear that there is a danger in extrapolating the 
findings on Ulva performance in the studied system at I & J farm to other different systems. 
Some integrated systems use bottom-aerated seaweed tanks or ponds to oxygenate and mix 
the seaweed and this causes vertical movement of the seaweed fronds (Neori et al., 2004), 





















Chapter 5     
Infection of farmed Ulva with the epiphyte Myrionema strangulans: dependence of 
recovery on dissolved nutrients in the culture medium and on irradiance 
 
5.1  Introduction 
The green algal genus Ulva is locally cultivated as a feed supplement and a bio-filter on some 
abalone farms in South Africa. However, despite this seaweed being a major source of 
abalone feed that is successfully used in integrated mariculture, there is still a problem that 
affects its productivity: infestation by an epiphyte, Myrionema strangulans (Phaeophyta) on 
one of South Africa’s Ulva farms (Bolton et al., 2008).  Competition between hosts and their 
seaweed epiphytes has been demonstrated under natural and artificial conditions of growth 
(Arrontes, 1990; Friedlander and Ben-Amotz, 1991; Svirski et al., 1993), and the extent of 
the damage is determined by the intensity of the infections (Cancino et al., 1987; Buschmann 
and Gomez, 1993).  Epiphytes are usually defined as organisms that grow on plants, but do 
not derive nutrients from their hosts (Linskens, 1976). According to Linskens (1976), holo-
epiphytes are those attached to the outer layers of the host, whereas amphiepiphytes 
(sometimes called endophytes) are deeply anchored in the tissues of their hosts. The damage 
caused by an epiphyte to its basiphyte can be highly variable, and is mainly influenced by the 
type of anatomical association and the extent of the epiphyte (Fletcher, 1995). 
 
As long ago as 1977, Ryther stated that epiphytic growth is probably the single greatest 
problem and constraint on commercial seaweed culture. Wheeler et al. (1981) considered that 
the control of epiphytes and provision of nutrients are two major problems for the macroalgal 















will also decrease the amount of available nutrients. Epiphytes can lower growth rates and the 
quality of the product (Collen et al., 1995).  
 
In South Africa, the first record of the epiphyte species Myrionema strangulans was made 
when the epiphyte was observed growing on experimental cultures of Ulva at I & J farm in 
October 2001 by Robertson-Anderson (2003), who described four stages of infection. 
Infection of M. strangulans observed since 2001 has resulted in tremendously reduced 
biomass production of Ulva during spring. In South Africa, other than the report of 
Robertson-Andersson (2003) no other documentation of M. strangulans epiphytism is known 
in other abalone farms or in nature. This species grows widely in temperate seas, and can 
produce profuse growth on Ulva elsewhere (Kornmann and Sahling, 1983). According to 
Kornmann and Sahling (1983), M. strangulans can grow very quickly, producing fertile 
plants from spores in 11 days in the laboratory. The present study results from a call for 
assistance from a local farm to assess the occurrence of this epiphyte further and to determine 
environmental conditions which could prevent its occurrence. This information is important 
for farming operations to reduce the level of infection and to diminish the direct negative 
effects of the epiphytes on the host.  
 
The current study was designed:  
(i) To monitor Myrionema strangulans relative abundance and variability during the 
seasons when infection is higher.  
(ii) To investigate the response of the epiphyte to changes in light and nitrogen 
concentrations.  It was hypothesized that by late spring and summer Ulva is 
growing rapidly, thereby utilizing its internal nitrogen and becoming subject to 















(iii)To investigate the tissue nitrogen and carbon content of Ulva infected with the 
epiphyte.  
 
5.2 Materials and Methods 
5.2.1 Collecting site  
Ulva material was collected from I & J Abalone farm every two weeks from 2
nd
 October to 
13
th
 November 2007, but after this the cultures collapsed and the raceways were restocked 
with new material from the tank where ‘parent’ stock is kept.   In order to determine the 
prevalence and severity of infection by Myrionema strangulans, ten Ulva thalli were 
collected from each raceway (there are 4 raceways). The thalli were collected from different 
parts of the raceway in order to avoid sampling at the same place. Prevalence (i.e. percentage 
of thalli in the farm that were infected) and severity of infection (i.e. mean abundance of 
epiphytes on each Ulva thallus) were then estimated. A Braun-Blanquet (B-B) percentage 
cover-abundance scale was used to estimate percentage cover of M. strangulans on individual 
thalli (Robertson-Andersson, 2003). The range of the B-B values given as percentage cover 
of epiphyte contamination on the thallus is as follows:  1 = no coverage; 2 =1 - 10 % 
coverage; 3 =11 - 25 % coverage; 4 =26 - 50 % coverage; and 5= > 50 % coverage   
 
5.2.2 Ulva tissue nitrogen, carbon and crude protein content 
Fresh Ulva material from the farm was dried in the oven at 60 
o
C for 72 h and dry material 
was ground using a mechanical grinder with a maximum mesh size of 1 mm. The milled dry 
Ulva samples were sent to the Chemistry Department of the University of Cape Town where 
















5.2.3 Experimental design 
Thallus discs (diameter 10 mm) of Ulva were punched from thalli infected with M. 
strangulans. The brown spots on each disc were counted prior to the experiment and 6 discs 
were placed in each crystallizing dish containing 150 ml of either seawater or one-fifteenth 
Provasoli medium or one-third Provasoli medium under varying conditions of irradiance (40, 




). Three replicate crystallizing dishes were used for each 
treatment, with six-thalli discs sharing the same medium in each therefore n=3 for each 
treatment.  The change in number of spots was recorded, under long days (16 h light) and the 
culture medium was replaced every 3 days in all treatments and the number of spots per disc 
was counted after 7 and 14 days. 







 (µM) Total N (µM) 
Seawater 
 
15.02 0.29 15.31 
  PES + Seawater 
 
54.42 7.29 61.71 
  PES + Seawater 212.02 35.29 247.31 
*PES – Provasoli enriched seawater 
 













, where So = initial number of spots per disc, St = final number of 















5.2.4 Estimation of nitrogen concentration in farm raceways 
The surface area of each Ulva raceway is 282.62 m
2
 (Browne, Honours project 2009) and the 
raceways  are normally filled up to half a meter deep with water, thus the volume of seawater 
in the raceways when filled is about 141 m
3
 (Sakkie Otto, pers. comm.). During the study 
period October to November 2007, each raceway was equally fertilized with 2 kg of N and P 
once a week and the ratio of N and P was 1:10. Ammonium sulphate and “Supergrow” (P: 
203g/kg, S: 23,6g/kg, Ca: 171, 4g/kg) were used as fertilizer and all the raceways were 
fertilized every Tuesday afternoon and the amount of nutrients added to the raceways was 
independent of Ulva biomass (Lawrence Ansara, pers. comm.).  The theoretical concentration 
of NH4
+
 in each raceway after fertilization was calculated as follows: 
Ratio of N: 
11
1
x 2 kg =0.182kg or 182 g      
Molar mass of NH4
+
 in (NH4)2SO4: 36g/mol 
Moles of NH4
+






= 0.198 moles 
Concentrations of NH4
+
 in each raceways: 141.31 m
3







 moles/ L (M) = 1.401 µM NH4
+
 
During the study period, the average N concentration recorded from Ulva raceways (Jonell, 
2008) was as follows: 
1. The average concentration of NH4
+
 in each raceways was approximately 0.89 ± 0.68 
μM  
2. The average NO3
- 
















5.2.5 Data treatment and statistical analysis 
Data were analyzed by one- way analysis of variance (ANOVA). When significance was 
found, the Tukey test was applied to test for significant differences between individual 
treatments. Two-way ANOVA was used to compare treatments under different irradiances 
and dissolved N concentration in the culture medium.  
 
5.3 Results 
5.3.1 Prevalence and severity of infection 
During October to November 2007, high prevalence of Myrionema strangulans was observed 
on sampled thalli, indicating a serious degree of infection. The epiphyte was homogeneously 
distributed within four Ulva raceways at the farm. The severity of epiphyte infection had a 
similar pattern to infection prevalence (Fig. 5.1). Therefore after the 13 November 2007 it 













































































Figure 5.1: A. Infection severity (cover scale) and B. prevalence (% infected thalli) of the 
epiphyte, M. strangulans on Ulva grown in raceways receving abalone effluent at I & J farm 




















Based on the extent of Ulva damage by M. strangulans, the infections were subjectively 
classified as follows:  
 
 
Fig 5.2a-e:  a) Myrionema strangulans covers the Ulva thallus in the area where it grows, b) 
This leads to a weakening of the Ulva thallus and the thallus, which becomes light in colour 
and thinner, c) Circular spots increase in size and number and early tissue degradation could 
be noticed with the appearance of tiny perforations around the centre of the circular spots, d) 
Further progression leads to the joining of such perforations and eventually to disintegration 
of the thallus. e) Although the filamentous thalli of M. strangulans appeared to be clearly in 
contact with the cell wall of Ulva, they were never observed penetrating Ulva cells. However, 
due to some unknown processes, M. strangulans infection seems to be associated with 















5.3.2 Tissue carbon, nitrogen and C:N ratio 
High C:N values were observed in algae collected on the 30 October and the ratio increased 
until 13 November when values approached 52, indicating nitrogen limitation (Fig. 5.3). As 
shown in Figure 5.4, tissue content of carbon ranged from 22 to 23.8% and nitrogen tissue 
values decreased from 1.27% on 02 October to 0.45% on 13 November. All samples 
measured had low tissue nitrogen content.  There appeared to be a relationship between 
thallus colour and C:N ratio. Material obtained  on 02 October was green, with a lower C:N 
ratio, whereas  material obtained on 30 October to 13 November  was yellowish-green and 



































Fig 5.3:  Tissue C:N ratio of Ulva infected with Myrionema strangulans (brown spots) during 




























































































Figure 5.4:  Tissue carbon and nitrogen content of Ulva infected with Myrionema strangulans 


















5.3.3 Change in number of epiphyte spots on Ulva thallus discs 
In all treatments the mean number of epiphyte spots decreased (Fig. 5.5) after 7 d and 14 d in 




, the reduction was 
significantly greater in PES than in seawater, and there was no significant difference between 
treatments with one-third and one-fifteenth PES.  In one-third Provasoli and one-fifteenth 
Provasoli, after 14 d, Ulva discs had few to no spots.  In seawater, after 14 days, the greatest 











































































































































Figure 5.5: Change in number of Myrionema strangulans (brown spots) on Ulva discs 


















The spread of the epiphyte Myrionema strangulans is rapid and has posed a major threat to 
the success of Ulva cultivation in South Africa and it is therefore important to devise means 
of controlling its infections. Myrionema strangulans occurs on Ulva thalli in the United 
Kingdom (Fletcher, 1987) and in wild populations of U. lactuca in False Bay (Robertson-
Andersson, 2003). Parallel to this study, Ulva was collected from natural populations at 
Kommetjie (West Coast) for two years but no Myrionema was found growing on it.  
 
Myrionema outbreaks have been reported during spring and summer at I & J farm. The 
epiphyte species causes severe infection on Ulva and eventually the Ulva thalli disintegrate 
(Bolton et al., 2008). Interestingly, outbreaks of the epiphyte have not been observed during 
winter, possibly because Ulva is growing slower and there is luxury storage of nitrogen. Boyd 
et al (1985) showed that there is an increase in nitrogen in the seawater in the Walker Bay 
area in autumn and winter and this area is close to I & J farm. This increase is possibly 
related to processes occurring in the early winter e.g die-offs of plankton or stirring of 
sediments by early winter storms (Chapman and Shannon, 1985; Mitchell-Innes and Walker, 
1991).  The occurrence of the epiphyte during spring and summer coincided with low tissue 
nitrogen in Ulva growing in the raceways. This supports our hypothesis that during periods of 
fast growth (spring and early summer), nitrogen in the raceways is used rapidly and when it 
becomes limiting Ulva loses its ablity to withstand Myrionema infections. Observations in the 
present study showed that M. strangulans grows very quickly: results accord with a study by 
Kornmann and Sahling (1983), who showed that M. strangulans produces fertile plants from 
















From the theoretical calculation of nitrogen in the farm raceways as well as the nitrogen 
levels measured in the raceways during the present study, it is clear that the nitrogen level 
was critically low when compared to the optimal nitrogen for growth discussed in Chapter 2.  
Nitrogen control is critical for the intensive cultivation of algae due to its role in growth, and 
regulation of metabolism (Smit et al., 1997). Depletion of nitrogen in the culture medium 
causes important cellular responses in algae. Excess nitrogen, as well as other nutrients, can 
be stored and used for growth during nutrient limited periods by a number of macroalgae 
including Ulva fenestrata and Enteromorpha intestinalis (Björnsäter and Wheeler, 1990). The 
laboratory results show that under sufficient N concentration (one-third and one-fifteenth 
Provasoli media), Ulva can defend itself against the epiphyte under varying light conditions. 
However, it must be borne in mind that other macro-and micro-nutrients in the Provasoli 
medium may have played a role in reducing the infection. Nevertheless, it is clear that some 
form of nutrient stress is implicated in Ulva’s susceptibility to infection by Myrionema. 
However, we do not have sufficient evidence to say that the levels of N nutrition are directly 
linked to the control of the infestation by M. strangulans. Much more work would be needed.  
 
Infected Ulva thalli growing in natural seawater lost more than 50% of Myrionema when 





was no significant reduction in the epiphyte infection. This result is in agreement with a study 
by Robertson-Andersson (2003) on the same system at I & J farm which showed that shading 
during the period of spring and summer significantly reduces the infection of Ulva by 
Myrionema. From our results it is evident that at low or high light Ulva is resistant to 
Myrionema infection under sufficient N concentration. It is, however, possible that high N 
concentration could be toxic to Myrionema. It is known that ammonium (NH4
+
), can be toxic 















form for Ulva (Lobban and Harrison, 1994). In addition, Gschwend et al. (1985) suggested 
that under certain conditions production of volatile halogenated compounds is part of some 
seaweed defence system and these compounds have allelopathic effect, reducing the amount 
of epiphytes. For instance, Eucheuma denticulatum produces other volatile halogenated 
compounds (VHCs), which might protect against unfavorable interaction with other 
organisms (Mtolera et al., 1995). It is possible that under the laboratory treatments (natural 
seawater at low light; all light levels and Provasoli media), Ulva produced compounds that 
reduced the amount of Myrionema growing on it.  Ulva cultivated at I & J farm can resist 
Myrionema infection provided it is grown under adequate nitrogen, irrespective of light 
conditions.  
 
Diseases and epiphytes on seaweeds cause physiological changes in the host. For example, 
infected Ulva plants appeared yellow in colour, indicating loss of pigments, and this has also 
been observed in diseased Kappaphycus alvarezii which exhibited low photosynthesis rates 
and decreased pigment concentration (Ganzon-Fortes et al., 1993). The infection of Porphyra 
tenera by a white wasting disease leads to a remarkable change in phosphorus metabolism in 
the tissue: Porphyra cells growing in seawater containing high phosphorus had a high tissue 
P-content and as the concentration of phosphorus increases in the cells, the oxidation-
reduction potential becomes reductive and the white wasting disease does not develop on the 
frond (Kato and Watanabe, 1971).  
 
One of the main objectives of this project was to assess the suitability of Ulva as a food 
source for the abalone (discussed in details in Chapter 7 and 8); therefore it is important to 
determine the nutritional content of the cultivated Ulva. Nitrogen starved seaweeds do not 















collected at I & J farm in this chapter had low tissue nitrogen content. This means that if 
severe infections were to lower the tissue nitrogen of Ulva and this would reduce the quality 
of Ulva as a feed source.  During the period of October to November 2007, the crude protein 
content estimated using N x 6.25 was significantly lower than the recommended dietary 
protein for abalone. In addition, the C:N ratio in the present study was significantly higher 
than the ratio of 17 or less recommended by Russell-Hunter (1970) as necessary for proper 
nutrition of animals.  
The C:N ratio is the most commonly used indicator of nitrogen limitation in marine algae, 
with low values indicative of nitrogen replete growth conditions (Wiencke et al., 2006). C:N 
values close to 10 have been described as optimal or normal for the nitrogen status of algae 
and a ratio greater than 10 indicates N-limitation in Gracilaria (Lapointe and Ryther, 1979). 
Mean C:N ratio for temperate and tropical marine plants is approximately 19 (Atkinson and 
Smith, 1983). In the present study, Ulva exhibited much higher C: N values, ranging from 18 
to 52. Generally, C: N ratios are regarded as depending on nutrient availability (Atkinson and 
Smith, 1983; Levitt and Bolton, 1990). Red algae from the South African West coast, a 
nutrient-rich upwelling system, showed low C:N ratios of between 7: l and 12: l (Levitt and 
Bolton, 1990). Therefore, the low N contents and high C:N ratios determined from this study 
may be interpreted as the result of the low ambient N availability in the raceway water, 



















Bioaccumulation of heavy metals by Ulva from natural populations and from an 
integrated aquaculture system   
 
6.1 Introduction 
Many studies of contaminants and their effects on marine macroalgae have been published 
since the beginning of the 1960’s (see Lobban and Harrison, 1994). Determination of heavy 
metal concentration in marine algae samples is usually preferred to the use of seawater and 
sediment samples (Forstner, 1985) as a method of measuring environmental contamination. 
Heavy metal concentrations in seawater are very low and show wide fluctuations, and heavy 
metal concentrations in sediment samples can be affected by organic matter content, grain 
size composition and pH (Forstner, 1985). Seaweeds have been known to be good indicators 
of heavy metal contamination in marine ecosystems since the first studies of Black and 
Mitchell (1952) on brown algae. The use of seaweeds as biological indicators of marine 
pollution in coastal areas has also been documented and reviewed by several researchers 
using Chlorophyta (Ho, 1990; Constantini et al., 1991; Kucuksezgin and Balci, 1994; 
Gnassia- Barelli et al., 1995; Haritonidis and Malea, 1995; Fityanos et al., 1999; Villares et 
al., 2002; Storelli et al., 2001; Misheer et al., 2006;  Kamala-Kannan et al., 2008; Pérez et 
al., 2007; Besada et al., 2009), Phaeophyta (Preston et al., 1972; Stenner and Nickless, 1975; 
Muse et al., 1995) and Rhodophyta (Malea et al., 1994; Muse et al., 1995).  
 
Heavy metal refers to any metallic chemical element that has a relatively high density and is 
toxic or poisonous at certain concentrations. Examples of heavy metals include mercury (Hg), 
cadmium (Cd), arsenic (As), chromium (Cr), thallium (T) and lead (Pb). Heavy metals in 















metals can act as ecological toxins in aquatic and terrestrial ecosystems (Guilizzoni, 1991). 
Sewage effluents and industrial wastewater discharges are obvious sources of a variety of 
pollutants including excessive concentrations of nutrients such as nitrogen and phosphorus 
(Valiela et al., 1997). According to Rai et al. (1981), the order of metal toxicity to algae 
varies with algal species and the experimental conditions, however the general order is Hg > 
Cd > As > Pb.  
Mercury is the most toxic metal, as it interacts with enzyme systems and inhibits their 
functions, particularly enzymes with reactive sulfhydryl groups (Van Assche and Clijsters, 
1990), thereby causing cessation of growth, inhibition of photosynthesis, reduction in 
chlorophyll content and increased cell permeability (Rai et al., 1981).  In addition, cadmium 
is a pollutant particularly in coastal waters near industrial areas where concentrations may 
increase from normal levels of 0.1 µg/L to several micrograms per liter (Lobban and 
Harrison, 1994). Markham et al. (1980) studied Cd uptake and its effect on the growth, 
pigment content and carbon assimilation of Ulva lactuca and Laminaria saccharina. These 
authors reported that the growth rate for sporophytes of both species diminished to 50% of 
the control value when grown in a Cd concentration of 2000 µg/L, which is however higher 
than concentrations in most polluted areas. Furthermore,  Markham et al. (1980) reported that  
at Cd concentrations greater than 2300 µg/L, the blades showed a sharp loss of pigment in 
their distal regions and at a sublethal concentrations >2000 µg/L, sharp reductions in 
photosynthesis and growth rates were observed. 
Arsenic is an environmental contaminant and can arise from natural sources such as rocks 
and sediment as well as from anthropogenic sources. Furthermore, levels of arsenic are 
higher in aquatic environments as it is fairly water-soluble and can be washed out of arsenic-
bearing rocks. Seaweeds are known to contain relatively high concentrations of arsenic as 















play an important role in its cycle. Accumulation of total arsenic concentrations (including 
organic and inorganic forms) in macroalgae is higher in brown algae than in green and red 
algae (Phillips, 1990). It is well-known that organic and inorganic forms of As differ widely 
in their toxicity (Oygard et al., 1999), inorganic forms being in general more toxic than 
organic ones (López et al., 1994) On the other hand, lead (Pb) is a less toxic heavy metal, and 
there has been little research on its effect on algal metabolism (Lobban and Harrison, 1994). 
Stewart (1977) reported the effect of lead on four small, finely branched red algae: 
Platythamnion pectinatum, Platysiphonia decumbens, Pleonosporium squarrulosum and 
Tiffaniella snyderae. He found significant reductions in growth to occur only at unrealisticly 
high lead concentration of 10 mg/L as lead chloride (PbCl2). 
 
Bioavailability and bioaccumulation of heavy metals in aquatic ecosystems is gaining 
tremendous significance worldwide, and there are number of toxic heavy metals whose 
increasing levels in the environment are of serious concern today. Ulva has been used as a 
bio-monitor of coastal contamination because its metal concentrations reflect the bio-
available levels of metals in the water, and it is distributed worldwide, has a simple 
morphology and high capacity to accumulate metals (Ho, 1990; Haritonidis and Malea, 1995, 
1999; Fityanos et al., 1999). Table 6.1 shows the heavy metal concentrations of Ulva 
recorded by different authors at different locations. Physiological changes and growth can 
affect concentrations of metals in the seaweed tissue (Huerta-Diaz et al., 2007). The 
concentrations are usually low in summer when growth rates are high and the accumulated 
metals are diluted and high in winter when the metabolic processes slow down (Villares et 
al., 2002). Heavy metals are potentially toxic to organisms when natural concentrations are 















In South Africa, Ulva species have been successfully produced in aquaculture and utilized as 
feed for abalone (Steyn, 2000; Robertson-Andersson, 2003, 2007; Bolton et al., 2008). In 
previous years Ulva was collected from natural populations on the South African west coast 
to add to dietary salt. This is currently not being carried out, as permits have not been issued 
for Ulva collection by the Government authorities (RJ Anderson, pers. comm.). Despite the 
nutritional value of Ulva, little information is available on the metal concentrations in the 
Ulva species grown in abalone farms or from the natural habitat. Metal contamination is an 
aspect that could affect the safety of Ulva as a feed. In addition, there have been very few 
studies on heavy metal accumulation of South African Ulva species. The only data from 
South Africa are an analysis of a species identified as U. lactuca ( but probably referable to 
either U. rigida or U. uncialis (Lineekela Kandjengo, pers. comm.) from four sites on the 
South African east coast with different degrees of exposure to urban and industrial pollution 
(Misheer et al., 2006: see table 6.1).   
 
In most countries except for France, Australia, New Zealand and Japan there is currently no 
legislation specific relevant to the heavy metal content of edible seaweeds. France was the 
first European country to set up regulations on the use of seaweeds for human consumption 
as non-traditional foods, and French limits for heavy metals in edible seaweeds are: Pb <5 
µg.g
-1
 dw; Cd <0.5 µg.g
-1
 dw; Hg <0.1 µg.g
-1
 dw; and inorganic As <3 µg.g
-1
 dw (Besada et 





 dw for inorganic Arsenic (Almela et al., 2002; 2006; Besada et al., 2009). 
South Africa has no specific laws for the control of pollutants in edible seaweed, and 
therefore in order to evaluate the food safety of Ulva samples in the present study, it is 
necessary to refer to regulations of countries such as France where maximum limits for the 
















Table 6.1 Comparison of heavy metal contents in Ulva species reported by different authors 

















U. lactuca Beirut 
(Lebanon) 
<7.5 – 37.5 <0.8 – 2.3   Shiber 
(1980) 
U. lactuca Hong Kong 
(China) 





6.3 – 29.8 0.1 – 2.5   Haritonidis 
and Malea 
(1999) 
U. lactuca South Adriatic 
Sea (Italy) 
0.84 0.20   Storelli et al 
(2001) 
       
U. lactuca Kwazulu Natal 
(South Africa) 
  0.06 - 0.4  6.2 Misheer et al 
(2006) 
U. lactuca Pulicat Lake 
(India) 
11.56 38.07   Kamala-
Kannan et al 
(2007) 
Ulva sp. Gulf of San 
Jorge 
(Argentina) 
0.82 - 1.72  0.17 -  1.03  2.98 - 5.61 Pérez et al 
(2007) 
U. rigida Spain 1.00 - 1.05 0.031 - 
0.033 




















This study examined Pb, Cd, Hg and As levels because they are important potential pollutants 
in seaweeds for human nutrition and aquafeed. Therefore this study aims to: 
(i) provide information on the concentrations of these potentially harmful heavy metals 
present in farmed Ulva species as well as Ulva from natural populations.  
(ii) report on the degree of heavy metal contamination in the selected sites in order to 
contribute to quality controls on seaweed within South Africa. 
 
 
6.2 Materials and Methods 
6.2.1. Sampling sites 
Ulva was collected from two sites:  
(i) I & J Abalone farm, where Ulva is grown in abalone effluent in four raceways within an 
integrated Ulva/abalone aquaculture system, and is utilized as feed for abalone. Once a week, 
each raceway is fertilized with 1.5 kg of ammonium sulphate and “Supergrow” (P: 203g/kg, 
S: 23,6g/kg, Ca: 171, 4g/kg) in a ratio of 6:1 (Luvuyo September, pers. comm.).. (ii) 
Kommetjie on the Cape Peninsula, near Cape Town (34º09′06″S, 18º19′22″E), which is in a 
Marine Protected Area. The small bay where Ulva was collected gets some road runoff 
during rain, washing down approximately less than 1 km
2
 of suburb. Furthermore, during 
several months of the year there is a lot of launching of small motor boats in a neighbouring 
bay about 300 m away (RJ Anderson, pers. comm.).  
 
6.2.2 Sampling methods 
U. rigida and U. lactuca were collected every three months for this Chapter (see below) from 















cooler box from the farm to the laboratory.  U. rigida and U. capensis were collected from 
Kommetjie every three month from January 2008 to May 2009 for this Chapter, and the same 
transportation of materials was used. All Ulva samples were briefly washed with freshwater 
to remove any epiphytes and weighed to determine the wet weight. The samples were then 
dried in an oven for 48 hours at 60°C, after which they were weighed for dry weight 
determination and milled to a fine homogenous powder through a 0.5 mm sieve. For the 
present study analyses were done every three months (Jan 08, Apr 08, Jul 08, Oct 08, Feb 09 
and May 09) using four replicates for the farm materials and three replicates of wild material. 
 
6.2.3 Analytical measurements  
Milled, dry Ulva samples were sent to an element analyzing laboratory (BemLab (Pty) LTD, 
Stellenbosch, South Africa) for Pb, Cd, As and Hg analysis. Four heavy metals: arsenic (As), 
cadmium (Cd), lead (Pb) and mercury (Hg), were analyzed in wild U. rigida (WUR), wild U. 
capensis (WUC), farmed U. rigida (FUR) and farmed U. lactuca (FUL).  
BemLab used the following method for analysis: Pb, As, Hg and Cd were determined by 
electro thermal atomic absorption spectrometry (Varian spectra ICP-OES) with a radial torch. 
Calibration curves were obtained with multi-elemental standards prepared by appropriate 
serial dilution of commercially available Pb, As, Hg and Cd stock standard solutions in 1.5 
mol L
−1
 nitric acid (HNO3). It must be noted that the arsenic analysed in this study was total 
As, which includes inorganic and organic arsenic.  
 
6.2.4  Statistical analysis 
The results were presented as micrograms per gram dry weight (µg g
-1
d wt). Data were 
analysed by a 2-way analysis of variance to determine the effects of two variables (species 

















, USA was used for Principal Component Analysis and cluster analysis to see if 
there was any observable difference between species and environment in overall heavy metal 
accumulation.  Pearson correlation was used to determine correlations between different 
metal contents in Ulva species using XLSTAT.  
 
 6.3 Results 
6.3.1 Heavy metal content 
Figures 6.1 to 6.4 show the average values of heavy metals in Ulva species every three 
months (Jan 08 to May 09) at the two locations (Kommetjie and I & J Abalone farm). There 
was no significant difference in the average values of Pb accumulated by Ulva species from 
the two locations (p>0.05). Wild U. capensis did not accumulate Hg at all or the content of 
Hg was below the detection limit (Fig. 6.2). A 2-way ANOVA showed no significant 
difference in the average values of Hg for the remaining sites and species. Wild populations 
tended to have more cadmium than cultured plants and the differences between wild and 
farmed species were statistically significant (Fig. 6.3). Both farmed Ulva species and wild U. 
capensis did not accumulate arsenic. However, wild U. rigida accumulated arsenic with 
values ranging from 0.13 – 0.38 µg.g
-1
 dw (Fig. 6.4).  
In all species, the order of element concentration was As>Cd>Pb>Hg (table 6.2). The 
Kruskal-Wallis ANOVA detected significant differences (p<0.05) between the various heavy 




































































Figure 6.1: Mean (± SE) lead content in Ulva species from the natural population at 






















































Figure 6.2: Mean (± SE) mercury content in Ulva species from the natural population at 




































































Figure 6.3: Mean (± SE) cadmium content of Ulva species from natural populations at 































































Figure 6.4: Mean (± SE) arsenic content in Ulva species from the natural population at 















Table 6.2. The average heavy metal content of three Ulva species for the analysed months. 
Values are expressed as means ± SE of dry weight (n=24 for farmed U. rigida and U. lactuca, 
n=18 for wild U. rigida and U. capensis).  
  Heavy Metals (µg g
-1
 dw) 
 Hg Cd Total As Pb 
Farmed U. rigida 0.05±0.02 0.25±0.06 0.00±0.00 0.42±0.03 
Farmed U. lactuca 0.06±0.02 0.17±0.01 0.00±0.00 0.17±0.02 
Wild U. rigida 0.04±0.02 0.64±0.03 0.17±0.03 0.35±0.12 
Wild U. capensis 0.00±0.00 0.48±0.03 0.00±0.00 0.69±0.07 
 
 
6.3.2 Multivariate analyses 
6.3.2.1  Principal component analysis (PCA) 
PCA (Fig. 6.5) revealed that the wild U. rigida had high As and/or Cd, wild U. capensis had 
a range of Cd and Pb values (and low As) and the farmed U. rigida (and farmed U. lactuca) 
had generally low levels of metals, with one or two points with higher Hg. The main 
observation here seems that cultured plants at I & J farm tend to have lower levels of heavy 


















Figure 6.5: Principal Component Analysis for the monthly variation in heavy metal content 
(Hg, Pb, As and Cd) in Ulva species from the natural population of Kommetjie and Ulva 
species from culture raceways of I & J farm.  Yellow data points represent wild U. rigida, 



















6.3.2.2  Cluster analysis 
The dendrogram validated the main results obtained from both the PCA and the ANOVAs 
(Fig. 6.6). Three sample groups were observed: Group 1, associated only with Ulva species 
samples with high Pb concentrations (Wild U. capensis during January and October 2008; 
Farmed U. rigida during July 2008); Group 2 clustered all Ulva species samples with the 
lowest values in most metals and Group 3 is associated with samples that accumulated high 
Hg (Wild U. rigida in May 2009) and As (Wild U. rigida in July 2008 and February 2009).  
 
 
Figure 6.6: Dendrogram obtained using auto-scaled data and the Ward grouping method 

















6.3.2.3  Correlation test 
As shown in Figure 6.7, there was a significant positive correlation between the 
concentrations of Cd and Pb (r
2
=0.5, Pearson correlation matrix) in farmed U. lactuca. There 
were no significant correlations found in metals accumulated by farmed U. rigida (Fig. 6.8). 
Similarly, wild U. rigida showed no significant correlations in accumulated metals (Fig. 6.9). 





Figure 6.7: Scatter plots of farmed U. lactuca showing correlation of each metal against other 

















Figure 6.8: Scatter plots of farmed U. rigida showing correlation of each metal against other 




















Figure 6.9: Scatter plots of wild U. rigida showing correlation of each metal against other 



















Figure 6.10: Scatter plots of wild U. capensis showing correlation of each metal against other 



















6.4  Discussion 
Although nutritionally valuable, seaweeds may accumulate high levels of heavy metals which 
may be toxic to the consumer (Almela et al. 2002; 2006). In addition, macroalgae that are 
widely used as abalone forage, can significantly accumulate toxic metals, thus there is an 
increasing concern for metal trophic transfer in abalones (Huang et al., 2008). The fact that 
samples collected from Kommetjie had the highest cadmium, lead and arsenic contents 
suggests that there might be an urban water outlet nearby with an outflow to the sea or some 
other anthropogenic source, which is releasing heavy metals. Because there is no industry in 
the immediate area where samples were collected (RJ Anderson, pers. comm.), this probably 
comes from road runoff from the large stormwater pipe draining directly into the bottom of 
the nearby small embayment, known locally as “The Kom”. 
According to Prosi (1983), the usual content for lead in algae ranges from 2 to 3 µg.g
-1
 dw, 
with a minimum of 0.05 µg.g
-1
 dw. In the current study, Pb ranges between 0.00 – 1.27 µg.g
-1
 
dw for farmed Ulva species with average values of 0.17 – 0.42 µg.g
-1
 dw and 0.26 – 1.98 
µg.g
-1
 dw for Ulva species from the natural population of Kommetjie with average values of 
0.35 – 0.69 µg.g
-1
 dw. This is in a similar range to samples from Codium tomentosum 
collected from the Mediterranean which had Pb contents ranging from 0.32–0.92 µg.g
-1
 
(Constantini et al., 1991). In addition, Pb contents obtained in this study for wild Ulva 
species fall in the same range as those reported by Stenner and Nickless (1975) in species of 
Fucus  from the Bay of Cadiz  and Enteromorpha (now Ulva)  from Atlantic Spain which had 
average contents of 1.7 and 0.8 µg.g
-1
 dw, respectively. In industrialized and polluted areas of 
Venice Lagoon in Italy values of Pb reached levels of 17.6 μg.g
-1
 dw in Ulva sp. (Caliceti et 
al., 2002) which is significantly higher than levels of Pb obtained in this study for all Ulva 















Low levels of Cd were detected in Ulva species from I & J Abalone farms and these were in a 
similar range to Cd values (0.02 μg.g
-1
 dw) of Ulva sp from the Black Sea, Turkey 
(Topcuoglu et al., 2003). The Cd contents obtained in this study for Ulva species from the 
natural populations are in the same ranges as those found by Paez-Osuna et al. (2000) in the 
gulf of California (Sonora) where content of Cd was 0.9 µg.g
-1
 dw in U. lactuca populations. 
In addition, Cd content from our study fell in the same range as those for U. lactuca from 
Hong Kong (0.49-1.3 µg.g
-1
 dw), and U. rigida from Greece (1.0 µg.g
-1
 dw) (Haritonidis and 
Malea, 1999). However, the average Cd values in U. rigida from Kommetjie exceeded the 
French limit for human nutrition purposes (0.5 µg.g
-1
 dw) by 14%. 
 
Macroalgae accumulate moderate amounts of total As, contents are higher in brown algae 
than in green and red algae (Phillips, 1990) and kelps are very important in the arsenic cycle 
in coastal waters. In the current study, Ulva species collected from I & J farm and from 
Kommetjie had no detectable As at all, except for U. rigida from Kommetjie. This is 
surprising, since U. rigida and U. capensis were collected from the same locality at 
Kommetjie. In addition, wild U. rigida accumulated low As content compared to values 
obtained by Misheer et al. (2006) for ´U. lactuca’ sampled at Zinkwasi, Kwazulu-Natal on 
the east coast of South Africa (in winter) which recorded a content of As of 6.2 µg.g
-1
dw. 
Caliceti et al. (2002) reported As contents in Ulva sp.  in Italy to range from 4 to 65 μg.g
-1
 
dw, with a mean of 30 μg.g
-1
 dw. This content was much higher than contents obtained in the 
current study for wild U. rigida or those reported for U. lactuca from Zinkwasi by Misheer et 
al. (2006).  
The total values for Hg obtained in this study were very similar to those reported by Netten et 
al. (2000) and Almela et al. (2002) and clearly within the French limit of 0.1 µg.g
-1
 dw 















accumulated mercury levels > 400 ppb (0.4 µg.g
-1
 dw) during the spring season (Misheer et 
al., 2006) which was much higher than Hg levels obtained from all Ulva species used in this 
study. However, Misheer et al. (2006) recorded Hg content of 61.3 ppb (0.0613 µg.g
-1
 dw) in 
U. lactuca sample at Zinkwasi (in winter) which is in a similar range to the current study.   
 
Overall, comparisons of data on heavy metals accumulated by seaweeds from different 
localities should be interpreted with care. Haritonidis and Malea (1995) reported that 
differences in the physiochemical factors (such as temperature, pH, salinity, wave exposure) 
and in the metallic contaminants between different localities and differences in the seasons of 
collection can influence the accumulation capacity of heavy metals by different seaweed 
species.  Positive correlations between Hg and Pb; Hg and As and Pb and As in wild U. 
rigida were obtained, perhaps indicating that Hg, As and Pb enter the Kommetjie area from 
the same source or sources following a similar distribution pattern, Haritonidis and Malea 
(1999) have, however, suggested that such positive correlations between metal concentrations 
might also be a result of synergistic interaction for the binding sites in the plant.  
Average levels of all heavy metals in Ulva species from Kommetjie were generally higher 
than in Ulva species from I & J Abalone farm, despite the fact that the cultured species are 
grown in abalone effluent, to which fertiliser is sometimes added. However, from both 
locations, the heavy metals were below the recommended levels for edible seaweed, except 
Cd levels in wild U. rigida and U. capensis which show mean values higher than the French 
limit.  
 
The use of bio-indicators turned out to be very valuable for I & J Abalone farm where Ulva is 
cultivated as feed addition for abalone. The results indicated that the consumption of Ulva 















at least with respect to their content of Hg, As, Cd and Pb, which were well within the 
allowable value for humans in France. I & J Abalone farm might be considered as a clean site 
with respect to heavy metals, and safe for the cultivation of Ulva. However, a study by 
Huang et al. (2008) quantified the route and rate of Ag, Cd and Hg uptake in the abalone 
Haliotis diversicolor fed on different macroalgae and showed that under typical conditions, 
dietary uptake is the dominant route for Ag, Cd and Hg accumulation in abalones. Their 
results suggest that metals in abalones can be a food safety issue due to the potential for 
trophic transfer from macroalgae.  Therefore, it is critical that South Africa implement a 
continuous and systematic program of seaweed safety monitoring regarding inorganic 
pollutants.  
Although the ecology and physiology of the different species of Ulva studied in Chapter 2 are 
very similar, there are differences with respect to the accumulation of metals. This shows that 
environment (including culture conditions) and species are important in looking at heavy 
metal accumulations. Thus the paper of Misheer et al. (2006), which analyzed U. lactuca 
growing along the KwaZulu-Natal coastline, suffers from the problem that the Ulva species 
was not properly identified and the worldwide problem of applying the name U. lactuca 
indiscriminately makes the interpreatation of such results difficult.  
According to the limits laid down by the French legislation, the Ulva species in the present 
study attained the following: 
(a) All samples fell below the limits set for heavy metals except for wild U. rigida and U. 
capensis which exceeded the limit set for cadmium 
(b) Wild U. rigida is the only species in the present study that accumulated arsenic; 

















Seasonal variation in chemical composition and mineral content of wild and cultivated 
Ulva 
7.1 Introduction 
The local cultivation of Ulva has proven successful so far and more recently Wild Coast 
Abalone farm has become a world leader in Ulva cultivation: the current estimated figure of 
Ulva cultivation in South Africa is about 1,100 tonnes wet weight (Bolton et al., 2008). 
Currently, at least three Ulva species (U. lactuca, U. rigida and U. linza) are being cultivated 
on local farms (Bolton et al., 2008). Although Ulva has been successfully utilized as abalone 
feed and as an aquaculture biofilter (Robertson-Andersson et al., 2007; Bolton et al., 2008), 
there is a lack of information on the nutritive value of these seaweeds. In China, Japan, USA, 
France, and Chile, seaweeds are eaten by humans, for example, Ulva is harvested to prepare 
‘‘aonori’’ (Nisizawa et al., 1987), which is included in a great variety of dishes, including 
raw salads, soups, cookies, meals, and condiments (Ohno and Critchley, 1993). During the 
last few decades, efforts have been made to evaluate the potential of seaweed protein in 
aquafeeds (Alexis, 1997) due to the present over-dependence on fishmeal and fish oil which 
may threaten the long-term sustainability of aquaculture (FAO, 2002). Studies have shown 
that the inclusion of seaweeds in aquafeed has resulted in increased growth rate, feed 
efficiency and feed consumption in several species of fish (e.g. Hashim and Mat Saat, 1992; 
Valente et al., 2006). In addition, a study by Naidoo et al. (2006) showed that the abalone 
Haliotis midae grew best on a mixed diet of kelp plus other seaweed compared to those fed 

















 Chlorophycean algae generally contain the same set of major carotenoids as higher plants, 
namely β-carotene, α-carotene, lutein and violaxanthin (Goodwin and Britton, 1988).  The 
addition of pigmenting carotenoids is an essential process in the aquafeed industry in relation 
to salmonid fish culture to ensure that the characteristic pink flesh colouration is maintained 
during the production of farm-raised trout and salmon in many countries (Foss et al., 1984; 
Bjerkeng, 1992; Choubert and Heinrich, 1993; Buttle et al., 2001). Pigmentation is one of the 
important qualities of the fish for consumer acceptability and marketing as they fetch a higher 
price in the commercial market (Skrede and Storebakken, 1986; Gupta et al., 2006). This is 
normally achieved by supplementing fish feeds with carotenoids (Nickell, 1998) as fishes 
cannot synthesize their own colouring pigments. These are synthesized by some plants, algae 
and microorganisms, and therefore they need to be incorporated in their diet (Johnson and 
An, 1991; Davies, 1985). The same applies to the culturing of sea urchins. According to 
Robinson et al. (2002) feeding cultured sea urchins an artificial diet with no pigments will 
result in large but pale coloured gonads that are commercially unacceptable.  These authors 
found that natural β-carotene derived from algae produced significantly better gonad colour 
than that derived from synthetic β-carotene. Similarly, Shpigel et al. (2005) showed that 
seaweed carotenoids were more effective at producing good gonad colour than comparable 
concentrations of synthetic carotenoids.  Carotenoids serve important functions as pro-
vitamin A, antioxidants and immunoregulators and they are mobilized from muscles to 
ovaries in salmonids (Nakano et al., 1999b; Bell et al., 2000). It has also been observed that 
fishes with high level of carotenoids are more resistant to bacterial and fungal diseases 
(Shahidi et al., 1998).  Fish feeds are commonly supplemented with synthetic carotenoids 
(Bjerkeng, 1992) which are known to have deleterious effects on the environment (Gupta et 
al., 2006). Synthetic carotenoids are considered to be very expensive and have contributed 















a growing demand for the inclusion of pigmenting agents based on natural carotenoid 
sources. Consequently, there is much interest in developing new pigment-rich natural sources 
such as those obtained from algae and yeast products for potential application in aquafeed 
(Davies, 2004). Interestingly, Ulva is known to contain significant amounts of carotenoids 
(Abd El-Baky et al., 2008) and a study by Cruz-Suarez et al. (2009) showed that shrimp body 
carotenoid was significantly higher when the animals were fed on an Ulva diet, suggesting 
that Ulva carotenoids were efficiently assimilated and metabolized and may also be involved 
in growth enhancement. Due to all the benefits of carotenoids in the diet, it is essential to 
determine the carotenoid contents of local Ulva species as they are used as feed supplements. 
Although no information is available on the role of carotenoids in abalone culture, one would 
expect that carotenoids might affect the colour of the flesh. Although there are different types 
of carotenoids, in this study we did attempt to characterize them, and instead measured “total 
carotenoids”. 
 
The nutritional properties of seaweeds and their seasonal variation are not well understood 
and normally are evaluated from the chemical composition (Mabeau and Fleurence, 1993). 
The chemical composition of seaweeds includes the macroelements and microelements (Chan 
et al., 1997). Macroelements are described as being “required” or “essential” and are those 
elements upon which organisms depend on for normal physiological functions such as 
growth, reproductive success and survival and freedom from certain clinical/metabolic 
disorders (Combs, 1996). Microelements are sometimes referred to as beneficial elements 
(Combs, 1996) or trace elements (Goldhaber 2003) and are essential for seaweed metabolism 
since they may limit algal growth at low external concentrations (Reed and Gadd, 1990, 















Studies have shown Ulva species to contain variable amounts of a number of elements.   
Brown et al. (1999) studied copper and zinc concentrations in U. intestinalis and U. lactuca 
from various sites within Otago Harbour, southern New Zealand, and found spatial variation 
in the concentrations of both elements, with increasing levels of zinc in winter and lower 
levels in summer. In addition, Flodin et al. (1999) showed that both bromophenol content and 
bromoperoxidase activity exhibit seasonal variation in U. lactuca, with high values in 
summer which decrease in winter. Moreover, Villares et al. (2001) studied seasonal variation 
in the contents of different elements (Cu, Fe, Mn, Ni and Zn) in Ulva from 22 sites on the 
northwest coast of Spain. The seasonal variation in the different elements appeared to be 
caused by dilution during the period of maximum growth and concentration during periods of 
slow growth. Temporal differences, in the chemical composition of local Ulva species, 
whatever their causes, might be expected to affect their quality as abalone feed.    
 
Studies on local Ulva species have been on taxonomy (Stegenga et al., 1997); reproduction of 
U. fasciata and U. rigida (Steyn, 2000); bioremediation using U. lactuca (Robertson-
Andersson, 2003) and molecular taxonomic studies (Kandjengo, 2003). However there has 
been no research on the seasonal variations in chemical composition. Cultivated material may 
have a different mineral content (and hence different nutritive value) than wild material, and 
this may be important in nutritive value as feed.   
 
Therefore this study aims: 
(i) To investigate whether wild Ulva has seasonal variations in chemical constituents, 















(ii) To investigate the chemical composition of two apparent species in the wild (U. 
rigida and U. capensis), which have different habitats and morphology but are 
thought to be very closely related, if not conspecific. 
(iii)To compare the chemical constituents of U. rigida in the wild with the same species 
growing in aquaculture effluent at I & J farm. 
(iv) To determine if cultivated Ulva is a potentially better feed than wild Ulva, and 
whether cultivated Ulva varies less (seasonally) than wild Ulva.  
(v) To compare the nutritional content of these with other Ulva species and with the 
nutritional requirements for Haliotis midae. 
 
7.2 Materials and Methods 
7.2.1 Preparation of Ulva samples for chemical analysis 
U. rigida and U. lactuca were collected every two weeks from four raceways within an 
integrated Ulva/abalone aquaculture system at I & J Abalone farm. Once a week, each 
raceway was fertilized with 1.5 kg of ammonium sulphate and “Supergrow” ® (P: 203g/kg, 
S: 23,6g/kg, Ca: 171, 4g/kg) in a ratio of 6:1 (Luvuyo September, pers. comm.). Ulva 
material was transported in seawater in a cooler box from the farm to the laboratory.  In 
addition, U. rigida and U. capensis were collected from Kommetjie every month from 
January 2008 to May 2009 and transported to the laboratory in seawater in a cooler box. All 
Ulva samples were washed briefly with freshwater to remove epiphytes and weighed to 
determine the wet weight. The samples were then dried in an oven for 72 hours at 60°C, after 
which they were weighed to get the dry weight and milled to a fine homogenous powder 















composition, crude fibre and ash content, whereas total carotenoids was determined using 
fresh Ulva material. 
 
7.2.2 Macro- and microelement analysis 
Milled dry samples of U. rigida and U. capensis collected from the wild and U. lactuca and 
U. rigida from I & J farm were sent to a commercial feed laboratory (BEMLAB, analysis 
laboratory, Stellenbosch) for elemental analysis. Analysis were done every 3 month (Jan, 
Apr, Jul, Oct 2008  and Feb, May 2009) for each Ulva species.  Elemental analysis on Ulva 
samples for the trace elements and macro elements involves a process whereby samples are 
digested, diluted and then analysed on an Atomic Absorption Spectrophotometer and UV-
VIS spectrophotometer. For the determination of Ca, Mg and K it involves a process whereby 
lanthanum or strontium is added to an air - acetylene flame to suppress interference from 
PO4. A strontium chloride - perchloric acid diluent removes interference due to protein 
acetate and PO4.  For the determination of Cu, Zn, and Fe, trichloroacetic acid is used to 
remove interference caused by proteins in the serum samples. Samples are analysed for 
specific trace elements on the AA spectrophotometer (Cu, Zn, Ca, Mg). In the determination 
of PO4 the specimen is de-proteinised by iron tri chloro acetic acid reagent. The supernatant 
is mixed with molybdic acid to form molybdiphosphate which is reduced by Fe
2-
 to produce 
molybdenum blue. Absorbance is read on the UV-VIS spectrophotometer. 
Calculations of concentrations of the element used the following formula. 
Macro analyte concentrations =  a * 50 % 
 10000 *m  
Micro / trace analyte concentration =  a * 50 mg/kg 















Where a = the measured analyte concentration (mg/l) in the extract. 
  m = sample mass 
 
7.2.3 Crude fibre analysis (Lignocellulose complex)  
Crude fiber is the organic residue remaining after digesting with 0.255N H2SO4 and 0.313N 
NaOH.  Crude fibre is generally regarded as the non-digestible carbohydrate component of 
the feed ingredient; within plant materials it is usually composed of a mixture of cellulose, 
hemicelluloses and lignin (the latter not being a carbohydrate but rather a complex aromatic 
compound) (FAO, 2009).  In the cell wall of Ulva spp., ulvan is present with cellulose 
(Lahaye et al., 1995). Crude fibre in milled dry Ulva samples was analysed using an 
Ankom220 Fibre Analyzer (ANKOM Technology, New York, USA). For these analyses, 
Ankom220 Fibre Analyzer manufacturer methodology was used (ANKOM Technology 
Method 2008). The samples were hydrolysed in filter bags (F 57, pore internal dimension 50 
μm, ANKOM Technology, New York, USA) by using 0.255N H2SO4 and 0.313N NaOH 
separately for 45 minutes. Then, the filter bags containing the samples were washed in water 
(three times) and in acetone (once, 3 min). After acetone evaporation, the bags were dried at 
105°C (4 h) and then incinerated in a muffle furnace at 550°C (5 h). All samples were 
analysed in triplicate. The crude fibre content was calculated according to the equation: 
 
% Crude Fiber = 100 x (W3 - (W1 x C1)) 
                                              W2 
Where:    W1 = Bag tare weight 
W2 = Sample weight 















weight on ignition of bag and fiber) 
C1 = Ash corrected blank bag factor 
(Loss of weight on ignition of blank bag/original blank bag) 
 
7.2.4 Total carotenoid content 
For pigment analysis, 5mL of dimethyl sulfoxide (DMF) was added to 30 mg fresh weight of 
Ulva samples. The extraction was left overnight at 4 
o
C. A glass extraction plate was used 
and absorbance was read at 480, 646.4, 663.8 and 750 nm using a Multiskan Spectrum 
spectrophotometer, Version 1.2.  Chl a, b and carotenoids were calculated using the equation 
of Wellburn (1994) below.  This method calculates values for chl a and b and these values are 
required in the calculation of total carotenoids, however, for this study only carotenoid data 
were reported. 
Chl a = 12(A663.8-A750)-3.11(A646.8-A750) 
 Chl b = 20.78(A646.8-A750)-4.88(A663.8-A750) 
Carotenoids = (1000*A480-1.12Chla-34.07Chlb)/245  
All samples were analysed in triplicate and values averaged.  Data were expressed on a dry 
weight basis using 80% water content. 
 
7.2.5 Moisture content 
After washing the Ulva, the samples were spun in a salad spinner for 1 minute and weighed 
on an OHAUS electronic balance, oven dried (60 °C, 72 hours) and then re-weighed.  
Moisture content was determined by calculating the difference between wet and dry weights 
(A.O.A.C., 1970): All samples were analysed in triplicate. 















where ww and dw are wet and dry weights respectively. 
 
7.2.6 Ash content 
The ash contents of milled dry Ulva samples were determined by burning 1g of powdered 
algae at 600 
o
C, for 5h (A.O.A.C., 1970). All samples were analysed in triplicate and values 
averaged. The ash content was determined as follows: 
% Ash = weight of ash/weight of sample x 100. 
 
7.2.7 Statistical analysis 
Data were analysed by a 2-way analysis of variance to determine the effects of two variables 
(species and temporal variation).  Comparisons after ANOVA were made using the post hoc 
Tukey test to individualize specific differences (Zar, 1999) using STASTICA 8.0.  
 
7.3 Results 
Table 7.1 below shows average values for all parameters measured throughout the Chapter. A 
2-way ANOVA was applied to test for significant differences (*) in location (wild or 
farmed), species and months. Water content is expressed as percentage wet weight whereas 




















Table 7.1:  Averages and standard errors of chemical constituents, crude fibre, water and 
total carotenoids content for Ulva samples from the farm and natural populations.  
















79.0± 0.7 85.2 ± 1.0 80.6 ± 0.7 
 
80.8 ± 0.7 
 
 *  
Ash 20.1 ± 0.3 22.7 ± 0.3 
 
19.3 ± 0.6 17.8 ± 0.7 * *  
Crude fibre 3.7 ± 0.1 
 
5.3 ± 0.1 
 
3.5 ± 0.1 
 
 
3.5 ± 0.0 
 
 *  
Total 
carotenoids 
4.8 ± 0.1 
 
4.9 ± 0.2 
 
6.7 ± 0.2 
 
7.3 ± 0.2 
 
* *  
Carbon 31.5 ± 0.2 31.3 ± 0.2 31.3 ± 0.2 30.6 ± 0.1    
Nitrogen 3.3± 0.1 
 
3.4 ± 0. 
 
 
2.70 ± 0.2 
 
2.1 ± 0.1 
 
   
Phosphorous 0.1 ± 0.0 
 
0.2 ± 0.0 
 











2.7 ± 0.3 
 
 * * 
Calcium 0.1± 0.1 
 
0.7 ± 0.1 
 
0.8 ± 0.4 
 
0.5 ± 0.1 
 
  * 




2.5 ± 0.1 
 
2.8 ± 0.1 
 
 * * 




0.00071 ± 0.7 
 
0.00066 ± 0.5   * 
Iron 0.01068 ± 8.3 0.00938± 6.6 0.00758±12.6 0.00623 ± 5.9 
 
 * * 
Copper 0.00017 ± 0.2 
 
0.00012 ± 0.1 0.00013 ± 0.3 0.0001 ± 0.1  * * 
Zinc 0.00088 ± 0.7 
 
0.00142 ± 0.8 
 
0.00073 ± 0.8 
 
0.00053 ± 0.4 
 
   
















7.3.1 Moisture content 
Wild U. capensis had significantly higher moisture content than wild U. rigida (Fig. 7.1; 
p<0.001). However, the water contents of farmed U. lactuca and U. rigida were not 
statistically different from each other (2-way ANOVA, p<0.05). Moreover, there was no 
significant difference in the moisture content of U. rigida from the farm and wild.  There 
were no clear seasonal patterns in the moisture content. However, wild U. rigida has water 
contents that were always lower than wild U. capensis. U. rigida was the only species that 











































































Figure 7.1: Monthly water content of U. capensis and U. rigida collected from Kommetjie 

















7.3.2 Ash content 
The ash content (Fig. 7.2) of U. capensis from Kommetjie ranged from 21.5% (January, 
2008) to 22.9% (May, 2009), significantly higher than U. rigida from the same locality which 
ranged from 19.3% (January, 2008) to 19.9% (May, 2009) (2-way ANOVA, p<0.01). The 
ash contents of wild and farmed U. rigida were not significantly different from each other 
(p>0.05). Ash levels of U. lactuca and U. rigida from I & J farm ranged from 19.5% and 
19.3% (January, 2008) to 20.7% and 19.9% (May, 2009), respectively and were not 
statistically different from each other (p>0.05). The average for wild U. capensis was higher 
than other species and the average for all the samples was higher in the wild compared to the 
farm (Table 7.1).  There were no clear seasonal patterns except perhaps a tendency for an 
increase in concentration during the late-winter spring months, reaching a maximum around 
September and October 2008 (Fig 7.2). However, farmed U. lactuca showed a pattern that 












































































Figure 7.2: Monthly ash content of U. capensis and U. rigida collected from Kommetjie and 















7.3.3 Crude fibre content 
As shown in figure 7.3, the crude fibre content of wild Ulva species ranged from 3.11 to 5.71 
% dw, and U. capensis had significantly higher crude fibre than U. rigida (ANOVA, 
p<0.0001). The crude fibre did not differ significantly between farmed Ulva species, and 
there was no significant difference among months (p>0.05) (Fig. 3). Fibre differed 
significantly (ANOVA, p< 0.05) between locations with much higher average values for the 
wild compared to the farm (Table 7.1). However, when comparing U. rigida from the wild 
and farm, there was no significant difference in their crude fibre content. Overall, wild U. 
capensis had significantly higher crude fibre content than farmed Ulva and wild U. rigida 
(p<0.05). As can be seen in Table 7.2, the mean crude fibre obtained from wild and farmed 













































































Figure 7.3: Monthly crude fibre content of U. capensis and U. rigida collected from 

















Table 7.2: Comparisons of mean crude fibre obtained from wild and farmed Ulva species, 
with other crops. 
Sample type                  Whole corn
*
        Soy meal
*








Crude fibre  
(% DW)   
1.69 ± 0.16          3.70 ± 0.20       3.73 ± 0.12        5.34 ± 0.08           3.49 ± 0.05           3.51 ± 0.04 
 




7.3.4 Total carotenoid concentration 
Total carotenoid concentrations in U. rigida and U. capensis from natural populations were 
not significantly different from each other and there was no significant difference among 
months (Fig. 7.4). There was no significant difference between the total carotenoid 
concentrations in farmed U. rigida and U. lactuca during the study period. Farmed U. rigida 
had higher total carotenoids contents compared to wild U. rigida. Total carotenoids differed 
significantly (ANOVA, p< 0.05) between locations with much higher average values for the 


































































































Figure 7.4: Monthly total carotenoids content of U. capensis and U. rigida collected from 
Kommetjie and U. lactuca and U. rigida collected from I & J farm (growing in aquaculture 
effluent).  
 
7.3.5 Carbon content 
The carbon contents were not significantly different (p < 0.05) between locations and species 
(Table 7.1). Carbon contents differed significantly among months (Fig 7.5) implying 
temporal variation in concentration.  
 
7.3.6 Nitrogen content 
Nitrogen contents differed significantly between locations (p < 0.05) (Table 7.1). The average 
nitrogen content of wild Ulva was higher than farmed Ulva. Moreover, wild Ulva did not 
show any seasonal pattern, and contents remained relatively constant throughout the year. 















there were variations in the nitrogen content of farmed U. rigida, but the pattern was not clear 
due to rapid and random fluctuations (Fig. 7.5).  
 
7.3.7 C:N ratios 
As shown in figure 7.5, C:N values of both wild and farmed Ulva species ranged from 8 to 
15.7. There was a slight temporal pattern in the C:N ratio of the wild species which was 
caused by the seasonal pattern of carbon. Contents tended to increase during May and 
October. However, for the rest of the year the ratio was fairly constant as a result of the lack 
of temporal variation in nitrogen content (Fig 7.5). Farmed Ulva species had rapid variations 
on the C:N ratio due to variations in their carbon and nitrogen contents. Nevertheless, C:N 















































































































































































































37  Wild U. capensis



















Figure 7.5: Monthly C:N ratios, nitrogen and carbon content of U. capensis and U. rigida 
collected from Kommetjie and U. lactuca and U. rigida collected from I & J farm (growing 















7.3.8 Phosphorus content  
Average contents of phosphorus were not significantly different between locations (ANOVA, 
p>0.05) (Table 7.1). The concentrations remained relatively constant for farmed U. lactuca 





















































Figure 7.6: Phosphorus content of U. capensis and U. rigida collected from Kommetjie and 
U. lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.9 Potassium content 
The potassium content of both wild Ulva species ranged from 1.3 to 3.8% DW. The 
potassium contents were significantly different for both month and location (p < 0.05) with 
higher average values for the farm (Table 7.1). The contents tended to be quite variable 



































































Figure 7.7: Potassium content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.10 Calcium content 
The calcium content of wild and farmed Ulva species was not significantly different from 































































Figure 7.8: Calcium content of U. capensis and U. rigida collected from Kommetjie and 
U.lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.11 Magnesium content  
The average magnesium content was not significantly different for location (p >0.05) (Table 
7.1), however, there were variations among the months and species (p<0.05) (Fig. 7.9). Wild 
U. capensis had higher average magnesium content of 2.6 ± 0.2 compared to wild U. rigida 
which had an average of 2.2 ± 0.1. Moreover, farmed U. rigida accumulated higher contents 



































































Figure 7.9: Magnesium content of U. capensis and U. rigida collected from Kommetjie and 
U. lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.12  Manganese content 
The averaged manganese content was not significantly different for location (p >0.05) (Table 
7.1), however, there were variations among the months and species (p<0.05) (Fig. 7.9). For 
instance, wild U. rigida had higher manganese content in February 2009 and there was no 
significant difference in the manganese content of wild Ulva species during other months. 
Farmed U. lactuca had a higher manganese content during January 2008 whilst farmed U. 
rigida had higher contents during February 2009, however there was no significant difference 




































































Figure 7.10: Manganese content of U. capensis and U. rigida collected at Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.13 Iron content 
The iron content of wild Ulva ranged from 0.007 to 0.013 % DW and there was no statistical 
difference in the iron content of wild Ulva species (p>0.05) (Fig. 7.11) except in January 
2008 when wild U. rigida had significantly higher iron content. Furthermore,  farmed U. 
rigida had significantly higher iron content during October 2008 and May 2009 as compared 
to farmed U. lactuca (2-way ANOVA, p<0.05). When comparing the average iron content of 




























































Figure 7.11: Iron content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.14 Copper content 
The copper content of wild U. rigida was significantly higher during January 2008 compared 
to wild U. capensis and farmed Ulva species (2-way ANOVA, p<0.05), however, there was 
no significant difference during other months (p>0.05) (Fig. 7.12). There was no significant 
difference in the copper content of farmed Ulva species except during May 2009 when U. 
rigida had significantly higher copper content than U. lactuca.  When comparing U. rigida 
from the wild and farm, during January 2008, wild U. rigida had higher copper content than 































































Figure 7.12: Copper content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.15 Zinc content 
As shown in figure 7.13, the zinc content of both wild and farmed Ulva species ranged from 
0.00047 to 0.01% DW
 
and 0.0004 to 0.00105% DW respectively. During February 2009, 
farmed U. rigida had significantly higher zinc content (2-way ANOVA, p <0.05). However, 
there was no significant difference in the zinc content of both wild and farmed Ulva species 
































































Figure 7.13: Zinc content of U. capensis and U. rigida collected from Kommetjie and U. 
lactuca and U. rigida collected from I & J farm (growing in aquaculture effluent). 
 
7.3.16 Boron content 
When comparing U. rigida from the two locations, wild U. rigida had significantly higher 
boron content than farmed U. rigida (Fig. 7.14) with average contents of 0.00501 ± 0.00034 
and 0.00425 ± 0.00019, respectively. . There was a significant difference in the boron content 
of wild Ulva species (p<0.05) during April, October 2008 and February, May 2009. There 
was no significant difference in the boron content of farmed Ulva species apart from May 


































































Figure 7.14: Boron content of U. capensis and U. rigida collected from Kommetjie and U. 

























Information on the biochemical constituents of seaweed is vital in understanding their 
nutritive values. The aim of this study was to investigate the seasonal variations in the 
chemical composition and mineral content of wild and cultivated Ulva with emphasis on any 
general or temporal differences between U rigida in the wild and aquaculture conditions, 
since it might have been expected that aquaculture conditions would produce differences. The 
study also aimed at investigating differences or similarities between two apparent species in 
the wild which have different habitats but are thought to be very closely related, if not 
conspecific. Many of the elements that were analysed showed significant temporal, 
interspecific or inter-site differences, while in other cases no differences were detected. While 
details of significant differences were noted in the Results section because they may be useful 
to abalone farmers and researchers, in many cases sudden (e.g. temporal) fluctuations could 
not be explained except in general terms (e.g. temporal changes in seawater nutrients, growth 
rates etc.). As a result, only the more important features of the results are discussed here.  
 
The tissue water content for both wild and farmed Ulva species fell within the range of 80 – 
90 % which is the case for many macro-algae (DeBoer, 1981). There was a slight seasonal 
pattern in the moisture content of Ulva at both locations: the monthly average was at its 
lowest during winter and rose during spring and summer, although farmed U. lactuca showed 
a pattern that was not clear due to rapid and random fluctuations. I would have expected Ulva 
in the farm to have higher growth rates due to fertilising which could perhaps increase the 
water content, however, U. capensis from the wild had higher water content. 
 
Ash contains mostly magnesium, phosphorus, potassium, calcium and iron as well as trace 















measured in the current study. The ash content of wild Ulva species showed a seasonal trend 
with an increase during the late-winter to spring months, reaching a maximum around 
September and October 2008. Similar findings on seasonal fluctuation in the ash content were 
observed in nine intertidal algae at Dalebrook, an exposed shore in the Cape of Good Hope. 
Ash values were lowest in winter and highest in spring or summer (McQuaid, 1985b). Msuya 
and Neori (2002) reported an ash content of 22.2% DW in U. reticulata growing in effluent 
from tidal fishponds in Tanzania and this value is close to those obtained for wild U. capensis 
in the current study. In addition, Ratana-arporn and Chirapart (2006) obtained an ash content 
of 17.58% DW for U. reticulata from Pattani Bay in Thailand that was closer to the values 
recorded for farmed U. lactuca in the present study. Generally, the ash content of seaweeds is 
much higher than those of terrestrial vegetables other than spinach (Sanchez-Machado et al., 
2004. The farmed material shows more variation in the ash content than the wild material, 
and the farmed material generally has less ash (mineral) content than wild material and this 
can be a concern for abalone farmers. 
The crude fibre content of wild and farmed Ulva species is similar to that of soy meal, which 
is considered to be a nutritional product (Table 7.2). Ratana-arporn and Chirapart (2006) 
recorded the crude fibre value of 4.84% DW in U. reticulata from Pattani Bay which was 
close to values obtained in the present study. Crude fibre content was markedly high in wild 
U. capensis compared to other Ulva species. 
 
Farmed Ulva species had higher carotenoid contents than wild species and there seems to be 
an inverse relationship between nitrogen level and accumulation of carotenoids. The relation 
between nitrogen and carotenoids has previously been shown (e.g Orosa et al., 2000; Chenard 
et al., 2005). Farmed Ulva had lower tissue nitrogen content than Ulva from the wild. Under 















concentrations, green algae of the genus Dunaliella and Haematococcus over-accumulate 
secondary carotenoids such as β-carotene or astaxanthin (Ben-Amotz and Avron 1988; El-
Baz et al., 2002). This implies that under the current culture conditions at I & J farm, Ulva is 
subjected to stress conditions especially low nitrogen level in the culture medium (see chapter 
6) and this could result in enhanced accumulation of carotenoids.  Cyrus (2009, unpublished 
data) is investigating the potential culturing of sea urchin Tripneustes gratilla in South Africa 
using artificial diets with varying Ulva composition. His preliminary results show that 
inclusion of Ulva in the artificial diet significantly enhanced the colour of gonads.  In 
addition, a study by Cruz-Suarez et al. (2009) investigating the comparison of U. clathrata 
and the kelps Macrocystis pyrifera and Ascophyllum nodosum as ingredients in shrimp feeds, 
found that shrimps fed on Ulva developed a markedly darker red colour.  
 
Nitrogen is one of the elements that can limit the growth of seaweeds in the natural 
environment, and seaweed growth tends to parallel nitrogen supply at a particular instant 
(Duke et al., 1989). Ulva in the farm is fertilised on a weekly basis hence higher nitrogen 
would be expected. However, contrary results were obtained: the average nitrogen content of 
wild Ulva was higher than farmed Ulva and the difference in N levels could be due to 
differences in water motion. At high levels of water motion, seaweeds take up nutrients 
faster; perhaps lower N in farmed Ulva is more likely to be due to lower water motion than 
lower N levels in the medium. Water flow is one of the factors that is known to affect the 
growth and chemical composition of Ulva (and other cultured seaweeds) in tank cultivation 
(Duke et al. 1989; Friedlander et al., 1990). Under conditions of low water flow, seaweeds 
growing in the culture systems are known to be nutrient (carbon or nitrogen) limited 
















In the present study, carbon content increased during summer and decreased during winter 
but was not significantly different between species and locations (wild and farm). Higher 
percentages of carbon content in the dry tissue of these Ulva species indicate higher caloric 
contents (Platt and Irwin, 1973) and thus Ulva is likely to have a similar energy value as feed 
whether collected from the wild or grown in aquaculture systems. 
 
The C:N ratio is a useful indicator of the N (and therefore protein) content of food for 
humans and other animals. Russell-Hunter (1970) demonstrated that most animals need a 
C:N ratio of 17 or less in their diet. In the present study the C:N ratio for both wild and 
farmed Ulva species ranged from 7.9 to 15.7, indicating that these species contain sufficient 
N for an animal diet.   
 
The average calcium concentrations did not reveal a seasonal pattern and there were no 
difference between species or locations. Calcium is an important component in the formation 
and strengthening of the abalone shell (Day, 1974; Culver et al., 1997) and the levels 
measured in the present study are nutritionally useful to the abalone and in human nutrition.  
Phosphorus in seawater is available to marine algae at concentrations of 1-3 µM and can be a 
limiting factor for seaweed growth under high seaweed densities (DeBoer, 1981). The tissue 
phosphorus values in the current study ranged from 0.1 to 0.2 % DW and there were no clear 
temporal patterns. These values are similar to those reported by Msuya and Neori (2002) in 
U. reticulata growing in tidal fishpond effluent in Tanzania.  
The trace metals (copper, manganese, iron, boron and zinc) had low values and revealed no 
temporal patterns.  Trace metals are important co-factor of enzymes and catalyse in metabolic 















shell bio-mineralization in abalone (Liao et al., 2002; Mai et al., 2003; Liao and Ling, 2004). 
The levels found in Ulva species in the current study are very useful for animal and human 
nutrition.  
Overall, it seems clear that in the wild material, temporal changes in the contents of the 
various elements are more gradual than in cultivated material, where changes are rapid and 
often haphazard. The latter is probably a result of how water quality is managed on the farm, 
for example the periodic addition of fertilizers. However, there were no clear seasonal 
patterns in all Ulva species collected from both locations. 
 
The results of the chemical composition and mineral content analyses show that U. rigida and 
U. capensis from the wild have slight but significant differences in their chemical 
composition and mineral content. .If they are indeed the same species, there might be two 
possibilities: (1) They might have evolved dif erences in their ability to take up and store 
certain elements which can only be proved by genotypic differences; (2) There is a possibility 
that the different habitats may cause phenotypic differences in plants.   
Ulva is a nutritionally rich species for abalone feed in terms of chemical composition and 
mineral content. Biological analysis using abalone feeding trials would be necessary to 
establish the absolute nutritional value of wild and cultivated Ulva. Finally, a lack of seasonal 
pattern is a benefit for using Ulva as feed because the Ulva quality is consistent throughout 



















Protein content, amino acid composition and calculation of nitrogen-to-protein 




Protein is the most critical component contributing to the nutritional value of food. Crude 
protein in food products was first quantified by Henneberg in 1865 who multiplied the total 
nitrogen content of animals by a conversion factor of 6.25 (Salo-Väänänen and Koivistoinen, 
1996). For many years, quantification of crude protein content for most feed materials was 
determined by a conversion factor of total N x 6.25 (Dintzis et al., 1988).
 





two assumptions: that dietary carbohydrates and fats do not contain nitrogen, and 
that nearly all of the nitrogen in the diet is present as amino acids in proteins. On the basis of 
early determinations, the average nitrogen (N) content of proteins was found to be about 16 
%, which led to the use of the calculation N x 6.25 (100/16 = 6.25) to convert nitrogen 
content into protein content (Jones, 1931).  
 
In response to concerns about calculating protein content by N × 6.25, Jones (1931) 
suggested that N x 6.25 be abandoned and replaced by N multiplied by a factor specific for 
the food in question. These specific factors, now referred to as “Jones factors”, have been 
widely adopted. Jones factors for the most commonly eaten foods range from 5.18 for nuts 
and seeds to 6.38 for milk. However, most foods with a high proportion of nitrogen as non-
protein nitrogen (NPN) contain relatively small amounts of total N (Merrill and Watt, 1973). 
As a result, the range of Jones factors for major sources of protein in the diet is narrower and 
his disregard of non protein nitrogen was a limitation in the accuracy of his calculation. He 















time (Tkachuck, 1969). Therefore a correction factor is needed to account only for the 
nitrogen found as protein amino acid which represents the “true protein” contents (Tkachuk, 
1969). Since then several authors such as Heathcote (1950) and Tkachuck (1966b) used 
quantitative amino acid data to calculate the nitrogen-protein factors for plants such as oats, 
cereals and oilseeds. The use of specific nitrogen-to-protein conversion factors (N-Prot 
factors) using quantitative amino acid profiles is the most practical way of determining 
protein content. The establishment of specific N-Prot factors is gaining attention and specific 
nitrogen-to-protein conversion factors for several plants species have been documented in the 
literature. For example, Heathcote (1950) established a conversion factor of 5.40 for oats; 
values of 5.68, 5.79 and 5.71 were reported by Ewart (1967) for wheat, barley and rye flours; 
in some tropical plant tissues, values of 5.1 to 5.8  have been established by Milton and 
Dintzis (1981); Khanizadeh et al (1992) established a conversion factor value of 5.51 for 
apple flower buds; Yeoh and Truong (1996 a, b) proposed factors of 3.59 for sweet potato 
and 4.48 for cassava roots; Levey et al (2000) established a factor of 5.64 for wild fruits from 
south-eastern United States. Conversion factors for various macroalgae and microalgae have 
been found to vary from 3.75 to 5.72 (Lourenço et al., 2002; 2004). Aitken et al. (1991) 
determined a factor of 5.00 for two species of the edible red alga Porphyra from New 
Zealand. 
 
Furthermore, one of the alternatives for measuring protein content of algal biomass is by 
colorimetric methods (Lowry et al., 1951; Bradford, 1976; Smith et al., 1985). Colorimetric 
assays rely on the binding of a dye to protein or of the protein being involved in a redox 
reaction. Colorimetric assays are sensitive to interferences (Peterson, 1979) and the 
interference is a consequence of the effects of some chemical substances on specific amino 















reactivity with side groups of the amino acids (Peterson, 1983; Stoscheck, 1990). As a result 
the amino acid composition of each species is important in the results obtained with different 
methods because of their distinct reactivity (Compton and Jones, 1985). Therefore both 
methods of N x 6.25 and colorimetric methods require some caution to produce reliable end 
results. 
Moreover, the protein content of seaweeds differs according to the time of the year and 
species (Fleurence, 1999). For example, a seasonal monitoring of protein level from 
Palmaria palmata (Dulse) collected on the French Atlantic coast showed that the crude 
protein content of this alga can vary between 9 and 25% dry weight (Galland-Irmouli et al., 
1999). Seasonal variation of the algal protein content was also reported for various species 
including Ulva lactuca (Abdel-Fattah and Sary, 1987). Generally, the crude protein fraction 
of brown seaweeds is low (3 - 15% of the dry weight) compared with that of the green or red 
seaweeds (10 - 47% of the dry weight) (Arasaki and Arasaki, 1983). In some green seaweeds 
such as species belonging to the genus Ulva, the crude protein content can range between 10 
and 26% dry weight. For instance, Ulva pertusa was reported to have a high crude protein 
level of between 20 and 26% dry weight (Arasaki - Fujiwara et al., 1984). A local study by 
Robertson-Andersson (2003) who looked at the crude protein content of Ulva grown on an 
experimental scale at Jacobs Bay (Jacobsbaai) Sea Products Abalone Farm (JSP) in Jacobs 
Bay  obtained an average tissue crude protein values of 36.6 % from Ulva grown in the 
turbot, 33.35 %  in abalone effluent and 30.03 % in seawater.  
 
In addition, the amino acid composition of seaweeds has been frequently studied and 
compared to that of other foods such as eggs or soybean (Fleurence, 1999). Amino acids are 
divided into essential and non essential amino acids. Essential amino acids cannot be 















amino acids can be synthesized in the body and do not have to be obtained from the diet. In 
aquaculture, the ratio of essential to non essential amino acids in the feed is as important as 
the protein content itself (Sales and Britz, 2001) and is often the first consideration when new 
processed feeds are formulated and the insufficiency of some important amino acids in 
seaweed could make it less suitable for abalone feed than the processed alternative (Mai et al. 
1995). 
 
The South African abalone aquaculture industry is expanding and there is a lack of 
information on the nutritional profiles of the seaweeds which are used as feed. Ulva 
cultivation on local abalone farms is a successful commercial enterprise and therefore in 
order to provide information on the nutritional value of this crop, this study aimed:  
(i) To determine the protein and amino acid composition of wild and farmed Ulva in 
order to provide this information to abalone farmers.  
(ii) To investigate whether there are temporal variation in the protein content of these 
Ulva species. 
(iii)To establish the nitrogen to protein conversion factors for wild U. capensis and U. 
rigida as well as farmed U. lactuca. This is the first study in South Africa to 
establish such conversion factors for seaweeds. 


















8.2 Materials and Methods 
8.2.1 Sample collection 
U. capensis and U. rigida used in this study were collected from the natural populations at 
Kommetjie (34º09′06″S, 18º19′22″E) on the borderline of the west coast and south-west coast 
of the Cape Peninsula, South Africa. The two Ulva species are found growing in the same 
intertidal zone where one grows in pools and the other on the rock. About 400 g wet weight 
of each species was collected monthly during low tide (Jan 2008 to May 2009), and three 
samples were collected for each species every month.  In addition, U. lactuca and U. rigida 
were obtained every two weeks from an abalone/seaweed integrated system at I & J farm 
(34˚37’S, 19˚17’E) between Jan 2008 and May 2009 and samples were collected from four 
raceway ponds. The Ulva raceway ponds of this system were fertilized once a week with 1.5 
kg of ammonium sulphate and supergrow (P: 203g/kg, S: 23,6g/kg, Ca: 171, 4g/kg) in a ratio 
of 6:1 (Luvuyo September, pers. comm.). All Ulva samples were briefly washed with 
freshwater to remove any epiphytes and weighed to determine the wet weight. The samples 
were then dried in an oven for 48 hours at 60°C, after which they were weighed for dry 
weight and milled to a fine homogenous powder through a 0.5 mm sieve. Milled dry Ulva 
samples were then analysed for total nitrogen, protein content and amino acid composition.   
 
8.2.2 Direct protein measurement and calibration curve 
The Bradford method (Bradford, 1976) was used to quantify protein in this study. This 
method requires comparing the spectrophotometric absorbance of the unknown sample at a 
wavelength of 595 nm to a calibration curve prepared using standard solutions of a protein. 
Bovine serum albumin (BSA) was used as a standard. Using BSA as the standard, the 
calibration curve was linear in the absorbance range of 0 to 1.5 corresponding to a protein 
concentration range from 0 to 2000 µg.mL
-1















8.2.3 Extraction of protein 
50 mg of Ulva powder was suspended in de-ionized water (1: 20 w/v) to induce cell lysis by 
osmotic shock that facilitated subsequent protein extraction. The suspension was gently 
stirred overnight at 35 
o
C, which has been shown to be the optimal temperature for seaweed 
protein solubility (Dua, Kaur and Ahluwalia, 1993). After incubation, the suspension was 
centrifuged at 10,000 rpm and 4 
o
C for 20 min. The supernatant was collected and the pellet 
was resuspended in de-ionized water in the presence of 0.5% (v/v) 2-mercaptoethanol 
(Venkataraman and Shivashankar, 1979) and pH of the mixture was adjusted to 12 with 1 M 
NaOH. The mixture was gently stirred at room temperature for 2 h before centrifugation 
under the same conditions as above. The supernatant was collected and combined with the 
previous supernatant.  The extraction procedure mentioned above was repeated five times on 
the residue. 
 
8.2.4 Nitrogen analysis 
Total nitrogen analysis was done at the Department of Chemistry of the University of Cape 
Town using the following method: The total nitrogen content of dried Ulva biomass was 
measured by elemental analysis (CHNS elemental analyser (Thermo 1112 CHNS). Helium 
was used as a carrier gas. Acetanilide (C = 71.09%; N = 10.36%; H = 6.71%) was used to 
calibrate the instrument. Crude protein was determined from total tissue nitrogen by 
multiplying by a conversion factor of 6.25. For both wild and farmed Ulva species, nitrogen 
analysis was done monthly and three replicates were analysed. 
 
8.2.5 Amino acid analysis  
Amino acid analysis was done at the Department of Molecular and Cell Biology of the 















U. lactuca), analysis was done for samples collected in January, April, July and October 
2008), using the following methods. Five mg of each seaweed sample was weighed out and 3 
mL boiling HCl was added to the seaweed and then 600 l of 5% phenol then added as an 
antioxidant (final concentration of 1%). Hydrolysis was conducted at 110°C for 24 h under 
vacuum (purged with nitrogen). All samples were evaporated to dryness and dissolved in 100 
l NLE-100 (sample application buffer containing internal amino acid standard (norleucine at 
100 nmol/ml). 10l of each sample was injected on the cation-exchange column using pH 
gradient from pH 3 to pH 9.5 (column kept at 63°C). Amino acids were subjected to 
oxidation with sodium hypochlorite (5 ml of 6% hypochlorite in 500 ml borate buffer) in 
order to open up the proline ring for proline detection. Amino acids were detected using a 
post-column detection system with OPA (ortho-phthalaldehyde) reagent. Nitrogen in amino 
acids was determined by multiplying the concentration of individual amino acids by 
corresponding factors calculated from the percentage N of each amino acid (Sosulski and 
Imafidon, 1990). The ammonia content was included in the calculation of protein nitrogen 
retrieval, as it comes from the degradation of some amino acids during acid hydrolysis 
(Mossé 1990; Yeoh and Truong, 1996). The ammonia nitrogen content was calculated by the 
multiplication of ammonia by 0.824 (N =82.4% of NH3) (Lourenco et al., 2002). Ulva protein 
contents were calculated from the amino acid analysis and expressed as g/100 g dry weight of 
samples. 
 
8.2.6 Calculation of nitrogen-to-protein conversion factors 
Protein values in terms of dry weight percentage of amino acids plus NH3 were calculated 
from amino acid profile data by using both hydrated and anhydrous amino acid formula 
weights. The assumption was made that NH3 in the hydrolysates was derived from glutamine 















between the hydrated- and anhydrous-based values, but should lie closer to those calculated 
on the basis of anhydrous amino acid residue weights (Morr, 1982).   
The nitrogen to protein conversion factors were determined according to Mossé (1990) and 
the N-factor limits in the NF calculator were calculated from amino acid and nitrogen data.  
(1) The upper limit is defined as:  
kA =ΣEi / ΣDi 
Where:  
Ei = the grams of the ith amino acid per100 grams of sample (dry weight basis)  
Di = the grams nitrogen of the ith amino acid per100 grams of sample (dry weight basis)  
 
(2) The lower limit is defined as:  
kp =Σ Ei/N 
Where:  
Ei = the grams of the ith amino acid per100 grams of sample (dry weight basis)  
N = the grams nitrogen per100 grams of dry sample 
 
(3)  The appropriate N-Factor is average of kA and kP.  
(4)  The protein content of this sample is calculated as follows:  
% protein = % nitrogen x NF 
Where:  NF = nitrogen factor 
 
8.2.7 Statistical analysis  
The analysis for this study was done using STATISTICA 8.0, mean values were analyzed by 
one- way ANOVA and Tukey-HSD at P<0.05 to detect significant differences among groups. 















protein values across species and seasons. Pearson correlation was used to determine the 
coefficient of variation of Ulva protein vs. Haliotis midae essential amino acids. 
 
8.3 Results 
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8.3.2 Protein content by Bradford method and N x 6.25 
The highest protein contents of wild U. capensis and U. rigida were recorded during 
February to June 2008 (ANOVA, p<0.05, Tukey test) (Fig. 8.2). During that period there 
seemed to be an increase in the synthesis of protein in both species. There were no temporal 
variations in the protein content of either species from July 2008 to May 2009. There was 
little temporal variation in the protein content of both species from May 2008 to May 2009.  
Protein content of wild U. capensis was always higher than that of U. rigida (2-way 
ANOVA, P<0.05). The average values for wild U. capensis were 6.31 ± 0.64 % DW and wild 

























































































































Time (months)  
 
Figure 8.2: Monthly quantification of protein content by Bradford method in wild U. capensis 
















There was no clear temporal variation in the protein content of farmed Ulva species (Figure 
8.3). In addition, there was no significant difference in the protein content between the 
species (ANOVA, p>0.05). The protein content fluctuated considerably, with the protein 
content of farmed U. lactuca being between 5.23 and 9.89 % DW, whilst the contents of 
farmed U. rigida varied between 4.98 and 8.96 % DW. The average values for farmed U. 

























































































































Time (bi-weekly)  
Figure 8.3: Biweekly quantification of protein content by Bradford method of both farmed U. 
lactuca and U. rigida over a 15-month period. Bars denote standard error of four replicates. 
 
Figures 8.4 and 8.5 show the crude protein of wild and farmed Ulva species and there was no 
clear temporal pattern observed in the crude protein for either wild or farmed Ulva species. 
However, farmed U. lactuca showed higher crude protein content during May to August 















Sept 2008. The results showed large differences, for all Ulva species, between the two protein 
quantification methods (Bradford and N x 6.25), values obtained with the traditional 
conversion factor of 6.25 were always significantly higher (p<0.01). For instance, for wild U. 
capensis the values obtained from N x 6.25 were 64.1% higher than the Bradford values; wild 
U. rigida values were 77.1% higher; farmed U. lactuca values were 58.9% higher and farmed 


































































































Figure 8.4:  Monthly crude protein content of U. capensis and U. rigida collected from the 
























































































Farmed U. lactuca 



















Time (months)  
Figure 8.5: Monthly crude protein content of U. lactuca and U. rigida collected from an 
abalone/Ulva integrated system at I & J farm. Bars denote standard error of four replicates. 
 
 8.3.3 Amino acid composition 
Data on amino acid composition of three Ulva species are shown in Table 8.1. Aspartic acid 
was the most abundant amino acid in all species. Moreover, these species were rich in glycine 
and alanine but poor in histidine, methionine and cysteine. Interestingly, all wild U. capensis 
samples analysed during different months showed no cysteine in their proteins, however 
cysteine was found in the proteins of wild U. rigida and farmed U. lactuca. Furthermore, the 
essential amino acid profiles of U. capensis, U. rigida and U. lactuca seem to be relatively 
close to those of leguminous plants and ovalbumin (eggs) with values representing 32.7%, 
30.8% and 33.6% of total amino acids, respectively. Mean values for individual amino acids 
















The N-Prot factors for three Ulva species are shown in Table 8.2 and two types of conversion 
factors were considered. These are: (1) kA, based on the ratio of protein to total N recovered 
from amino acid analysis and (2) kP, the ratio of protein to total N determined using a CHNS 
elemental analyzer. The kA values ranged from 5.69 to 5.86 with a mean value of 5.76 ± 0.05 
whilst the conversion factor kP varied from 4.5 to 5.6 with a mean value of 5.13 ± 0.33. The 
N-prot factors established were 5.65 for farmed U. lactuca; 5.58 for wild U. capensis and 












































      
Isoleucine  3.5 ± 0.0 3.1 ± 0.2 3.7 ± 0.0 3.6 4.8 
Leucine  6.8 ± 0.2 5.2 ± 0.2 6.7 ± 0.1 7.3 6.2 
Lysine  3.7 ± 0.1 3.7 ± 0.3 4.2 ± 0.1 6.5 7.7 
Methionine  1.5 ± 0.1 1.5 ± 0.2 1.6 ± 0.1 1.4 3.1 
Cysteine  0.0 ± 0.0 1.1 ± 0.1 0.4 ± 0.4 1.3 0.0 
Phenylalanine  4.0 ± 0.2 3.3 ± 0.2 4.0 ± 0.0 2.4 4.1 
Tyrosine  2.0 ± 0.1 2.2 ± 0.2 2.1 ± 0.1 2.6 1.8 
Threonine  5.0 ± 0.1 5.0 ± 0.3 4.7 ± 0.0 4.0 3.0 
Valine  6.3 ± 0.0 5.6 ± 0.4 6.2 ± 0.0 4.5 5.4 
Histidine  1.7 ± 0.1 1.4 ± 0.2 1.8 ± 0.1 4.0 4.1 
Aspartic acid  17.2 ± 0.6 13.0 ± 1.1 12.3 ± 0.9 5.4 6.2 
Glutamic acid  10.9 ± 0.2 9.4 ± 1.0 9.0 ± 0.5 6.7 9.9 
Proline  3.6 ± 0.2 4.3 ± 0.4 5.3 ± 0.6 0.0 2.8 
Serine  6.4 ± 0.2 6.1 ± 0.8 5.9 ± 0.0 0.0 6.8 
Glycine  8.8 ± 0.2 7.8 ± 0.2 10.7 ± 0.6 0.0 3.4 
Alanine  11.8 ± 0.2 12.3 ± 0.7 14.2 ± 0.4 1.3 0.0 
Arginine  3.3 ± 0.3 4.6 ± 0.5 3.6 ± 0.3 14.0 11.7 
Ammonia 1.5 ± 0.0 1.2 ± 0.1 1.3 ± 0.1 - - 
























 kA kP NF 
Wild U. capensis 3.1 ± 0.13 16.4 2.8  5.86 5.3 5.58 
Wild U. rigida 3.4 ± 0.24 15.2 2.7  5.73 4.5 5.12 














*AA- Amino acids 
*AAR- Amino acid residue 
*NF- Nitrogen to protein conversion factor 
*Data are expressed as g/100 g of dry tissue. N content represent replicates of 13 months (n=13); AA represent 

























Table 8.3: Contents of Essential Amino Acids (g/100 g DW) in Some Vegetables* and the 
mean range found in Ulva species in the present study.  
Amino acid Cauliflower Carrot Potatoes Ulva species 
Isoleucine 8.8 2.9 7.7 3.1 - 3.7 
Leucine 13.0 3.8 11.0 5.2 - 6.8 
Lysine 12.0 3.5 12.0 3.7 - 4.2 
Methionine 3.1 0.9 2.9 1.5 - 1.6 
Cysteine 1.5 0.1 1.7 0 - 1.1 
Phenylalanine 8.4 2.6 8.4 3.3 - 4.0 
Tyrosine 5.2 1.4 4.0 2.0 - 2.2 
Threonine 8.4 2.6 7.1 4.7 - 5.0 
Valine 14.0 4.3 12.0 5.6 - 6.3 
























Table 8.4: Nitrogen (N) contents of Ulva (g/100 g DW); Crude protein (CP); Nitrogen to 
protein factor (NP factor); Net protein (NP); Percentage difference between crude protein 
contents and protein content from N x specific N-Prot factor (difference %; CP - NP). 
 N content CP NP 
factor 
NP difference % 
(CP - NP) 
Wild U. capensis 3.1 19.4 5.58 17.3 10.8 
Wild U. rigida 3.4 21.3 5.12 17.4 18.3 
Farmed U. lactuca 2.9 18.1 5.65 16.4 9.4 
*N content represent replicates of 13 months (n=13); NP factor represent replicates of 4 months (n=4). 
 
As described above, NP conversion factors are very specific for each species and the use of a 
single factor may lead to errors in protein values. However, the mean NP conversion factor 
for Ulva analyzed in the present study was 5.45 ± 0.17. When using this factor, very good 
estimation of protein contents could be obtained for the main species of Ulva. When 
comparing crude protein values obtained using a conversion factor of 6.25 with net protein 
values, which are probably nearest to the true values, differences ranged from 9.4 to 18.3% 
(Table 8.4). 
Ulva species showed a balance amino acid profile which yielded an r-value ranging from 



















Table 8.5: Essential amino acid profile of abalone whole soft tissue compared with that of 
Ulva proteins used in this study. 
 Abalone
1
 Ulva species 
Isoleucine 4.11 3.1 - 3.7 
Leucine 6.93 5.2 - 6.8 
Lysine 6.21 3.7 - 4.2 
      Phenylalanine + Tyrosine
2
 7.71 5.0 - 6.2 
Threonine 4.99 4.7 - 5.0 
Tryptophan 0.82 - 
Valine 4.61 5.6 - 6.3 
Arginine 7.91 3.3 - 4.6 
Histidine 1.82 1.4 - 1.8 
Methionine + Cysteine 3.44
3
 1.5 - 2.7 
Correlation of Ulva protein vs. H. midae essential amino acid, r
2
 value = 0.76 - 0.83, P=<0.05 
1. The amino acid profile of Haliotis midae (Knauer et al., 1994a) 
2.  Tyrosine value (3.81% of protein) for Haliotis rufescens (Allen and Kilgore, 1975)  






















Previously published data on the protein content results of seaweeds is very varied, and much 
of this variation is caused by the analytical methods (Fleurence et al., 1995), different species 
and seasonal periods (Fleurence, 1999). Our results with Bradford’s method agree with 
Kaehler and Kennish (1996), who found predominantly low values for some seaweed (from 
1.3 to 12.6%) from Hong Kong using the Bradford method. Peters et al. (2005) also used the 
methods of Bradford to extract protein of various seaweeds from Antarctica and found the 
concentrations to be generally low, ranging from 1.3 to 17.3% dry weight. The trend of 
obtaining lower concentrations of protein using Bradford’s method may be related to two 
main factors: 1) the binding of the dye Coomassie Brilliant Blue-G250 to both basic and 
aromatic amino acid residues (Compton and Jones, 1985). Most of the algae show relatively 
low concentrations of the two amino acids (tyrosine and tryptophan) as well as the two basic 
amino acids (lysine and histidine). Thus, the binding of the dye with protein occurs mainly 
with the two amino acids, arginine and phenylalanine, and this may  contribute to lower 
protein measurements (Stoscheck, 1990); 2) Differences in cell wall composition of algae 
during extraction establish strong and negative effects on the final results (Fleurence, 1999). 
 
Results from the present study show that wild U. capensis and U. rigida had higher protein 
content by Bradford method during February – June 2008. There seemed to be an increase in 
the protein synthesis of these species at the end of summer growth period, perhaps as a result 
of high nitrogen levels during summer upwelling. Furthermore, protein content by Bradford 
method for farmed Ulva species showed no seasonal pattern possibly due to the fertilization 
















The crude protein obtained in the present study for Ulva species had an average range of 17.6 
– 20.1 % DW and  is similar to values reported for other Ulva, for instance, 20 to 26% in U. 
pertusa (Fujiwara- Arasaki et al., 1984);  18-24% dw in U. amoricana (Fleurence, 1999); 
27.2 % in U. lactuca (Oritz et al., 2006). In general, the crude protein of Ulva species varies 
between 10 - 26% DW (Fleurence, 1999). In addition, crude protein for farmed U. lactuca 
was higher during May to August perhaps due to a drop in growth rates, and luxury 
accumulation of nitrogen as the growth slows. The opposite trend was observed for farmed U. 
rigida suggesting that these species have different growth patterns. Furthermore, the crude 
protein values obtained from the present study were lower than those obtained by Robertson-
Andersson (2003) from Jacobs Bay (Jacobsbaai) Sea Products Abalone Farm (JSP) culture 
system. This could possibly due to the difference in culture conditions, because the system at 
JSP was on an experimental scale where the growth conditions were controlled while Ulva 
from I & J farm is grown on a commercial scale. Moreover, the difference in the protein 
content between the two farms is also likely due to the poor fertilizing regime or low water 
velocity at I & J farm which was identified in Chapter 4 and 5. However, it should be noted 
that the conversion factor of total nitrogen content multiplied by a factor of 6.25 includes N 
not in the form of protein but intracellular reserve pools of N as well (Fleurence et al., 1995). 
Therefore this method would tend to overestimate the actual protein content. 
 
In the present study, the values of crude proteins were always significantly higher (between 
58.9 -77.1% higher) than the protein content determined by Bradford method or from net 
protein estimated from the specific N-Prot factor. Wild U. rigida had significant amount of 
non-protein nitrogen with the net protein lower by up to 18.3% than the crude protein whilst 
wild U. capensis and farmed U. lactuca were lower by 10.8% and 9.4%, respectively. Similar 















net protein was always lower by up to 20%, than the crude protein content of different foods. 
From an abalone feed perspective, net protein of seaweed must be determined since cultured 
abalone have special dietary requirements.  
 
The nutritional quality of Ulva species as a source of protein was investigated further by 
determining their amino acid composition. Various studies on the relationship between the 
nutritive value of feeds and culture organisms have demonstrated that the content of essential 
amino acids is the principal factor in their dietary value (Hidalgo et al., 1987; Tibaldi and 
Lanari, 1991; Wong et al., 2004). It is commonly accepted that the essential amino acid 
profile of an organism approximates the ideal balance of dietary amino acids (Benitez, 1989). 
For instance, good growth of abalone requires the presence of essential amino acids in their 
diet (Britz et al., 1996). Comparisons of the essential amino acid profile of H. midae soft 
tissue (Knauer et al., 1994a) with the proteins of Ulva species obtained in the present study, 
show strong correspondence, suggesting that Ulva closely matched the abalone profile. 
Arginine content of abalone soft tissue is significantly higher than Ulva tissue and this could 
be the most limiting amino acid in using Ulva alone as a feed for abalone. A study by 
Robertson-Andersson (2003) showed that cultured abalone (H. midae) at I & J farm achieved 
good growth when fed a combination of Ulva, kelp and artificial feed. The same trend was 
reported by Naidoo et al (2006), who showed that South African abalone  grew better when 
fed a mixed diet of fresh seaweed, than when fed the formulated feed (Abfeed®) alone. 
 
The amino acid profiles of various seaweeds have been studied and compared to those of 
other foods such as eggs or soybeans (Fleurence, 1999) as this provides an estimate of the 
nutritional value of the seaweed protein. In the present study, essential amino acids of Ulva 















that of eggs, soybean, other Ulva species and green seaweed proteins reported in earlier work: 
33.6%  in leguminous plants (Fowden, 1954); 36.1 % in ovalbumin (Fujiwara-Arasaki et al., 
1984); 37.0 - 37.9% in U. pertusa and Codium fragile (Fujiwara-Arasaki et al., 1984); 37.1% 
in U. lactuca (Ochiai et al., 1987) and 36.5 - 38.6% in U. rigida and U. rotundata (Fleurence 
et al., 1995). In the present study, all three Ulva species’ proteins exhibited similar amino 
acid patterns in which aspartic and glutamic acids were the predominant types. This 
observation is in accordance with previous reports on Ulva proteins, for instance in Ulva 
amoricana (Fleurence, 1999) as well as Ulva rigida and Ulva rotundata (Fleurence et al., 
1995). 
 
The determination of specific N-Prot factors depends on the nitrogen recovered from amino 
acids after acid hydrolysis (Lourenço et al., 2002). Wild U. rigida had the lowest N-Prot 
factor compared to other species and this is possibly due to its high content of arginine. 
Sosulski and Imafidon (1990) found that organisms that are proteins rich in highly 
nitrogenous amino acids (e.g. arginine) tend to have lower N-Prot conversion factors. 
Moreover, the current study established lower N-Prot factors than the traditional factor 6.25 
for all Ulva species. The average N-prot factor for three Ulva species is 5.45 which is 5% 
higher than the average N-prot factors of 5.19 for green seaweeds from the coast of Brazil 
(Lourenço et al., 2002). Our average N-Prot factor of 5.45 provides a more accurate estimate 
of the protein content of Ulva species studied.  This is important since for feed purposes it is 
always necessary to determine accurately the nutrient composition of feed materials, in order 
to achieve optimal utilization of such ingredients in feed. 
 
The advantage of determining the N-prot factor is that it requires no assumptions about either 















amino acids - thus removing the two problems with the use of total N x 6.25 as a conversion 
factor. Its disadvantage is that it requires more sophisticated equipment than the Kjeldahl 
method or CHNS elemental analyser, and thus may be beyond the capacity of many 
laboratories, especially those that carry out only intermittent analyses. In addition, experience 
with the method is important; some amino acids (e.g. the sulphur-containing amino acids and 
tryptophan) are more difficult to determine than others. However, the use of data of total 
amino acid for calculating protein without determination of free amino acids is a widely 
accepted practice, since during acid hydrolysis some sulphur-containing amino acids are 
destroyed (e.g. cystine, methionine, serine) and tryptophan is partially or totally destroyed 
though such effects should not significantly alter results (Spies and Chambers, 1949; 
Jennings, 1969; Mossé, 1990; Yeoh and Truong, 1996). The quantity of free protein amino 
acids is generally less than 5% of total amino acids (Yeoh and Watson, 1982). In addition, 
Danell and Eaker (1992) found that 15% of the ninhydrin-detectable nitrogen came from 
amino acids destroyed during acid hydrolysis, but up to half of it is transformed to ammonia. 
Thus the influence of free amino acids on the calculations of N-Prot factors is minor, 
considering the losses associated with the analytical procedures (Lourenço et al., 2002).  
 
In the present study the percentage of total N recovered as amino acid was less than the N 
content determined by an elemental analyzer. However, Yeoh and Truong (1996) found that 
N recovered as amino acid is usually significantly less than the total Kjeldahl N due to 
possible destruction of amino acids during hydrolysis, or presence of nitrogenous compounds 
that yield neither ammonia nor measured amino acids.  Despite the complexities of amino 
acid analysis, in general there has been reasonably good agreement among laboratories and 















seaweeds used in aquaculture feed is essential to calculate the protein content from tissue 









































This study was designed to provide information on the ecophysiology and biochemical 
constituents of Ulva species collected from natural populations at Kommetjie as well as from 
an integrated seaweed/abalone system at I & J farm. The Ulva species currently grown on 
abalone farms are U. lactuca and U. rigida (Bolton et al., 2008). Farmers needed data on the 
ecological growth requirements of these species and it was also necessary to compare the 
ecophysiology of U. capensis with that of U. rigida because they are thought to be one 
species according to ITS (Internal Transcribed Spacer) while TCS (a computer program to 
estimate gene genealogies) showed that these species could well be haplotypes of a single 
genetically diverse polymorphic species (Kandjengo, 2003).  
 
The findings of this thesis showed that U. capensis, U. rigida and U. lactuca can sustain high 
growth rates and productivity over a range of temperatures, salinities, nutrient levels and light 
conditions in laboratory culture. There were differences in the response of these three Ulva 
species to various environmental factors. For instance, U. capensis and U. rigida grew 










. The finding that U. capensis and U. rigida prefer lower light environments while U. 
lactuca prefers a higher light environment explains why the latter species tends to 
predominate in cultivation ponds in summer while U. rigida predominates in winter, when 
they grow together. The preferred light intensity environment of each species may be an 
















It was observed that U capensis and U rigida have similar temperature tolerances, although 
they are reported to have different biogeographical distributions. Furthermore, the south coast 
entities previously given these names may not be U. rigida or U. capensis because the growth 
rates of these two species declined towards the end of the experimental period, and plants 
started changing their shape and becoming crinkled, when grown at 25 
o
C, a common 
summer temperature on warmer regions of the South African coastline.  This observation 
supports the contention of Kandjengo (pers. comm., unpublished molecular evidence) that the 
species growing on the south coast is not U. rigida and should be referred to another species, 
currently without a name.    
U. lactuca showed high growth rates at high nitrogen and phosphorus concentrations as 
compared to U. capensis and U. rigida. This suggests that U. lactuca is adapted to more 
eutrophic waters, which makes it ideal as a biofilter in an integrated aquaculture system. 
Many species of Ulva grow best in eutrophic habitats (Sousa et al., 2007) and nutrient-
enriched water (Fong et al., 2004). 
 
The overall research also aimed at comparing U. capensis with U. rigida on a variety of 
different measures as molecular studies have suggested that they represent a single 
polymorphic species. This study found U. capensis and U. rigida to respond similarly to 
variations in irradiance, light quality, N (NH4
+
) and P enrichments but to differ somewhat 
with respect to reponse to salinity and N (NO3
-
) levels, and also U rigida grew faster than U 
capensis in all experiments. For example, U. capensis contained no cysteine, but U. rigida 
had cysteine present during all the months it was analysed. Also both species were found to 
differ not only in morphology, but also have slight but significant differences in their mineral 
and chemical composition. What these differences mean for the taxonomy of the two 















This thesis also focused on comparing the photosynthesis of U. capensis and U. rigida which 
grow close together but in different habitats, investigating the seasonal patterns of their 
primary production. The different photosynthetic characteristics of these two Ulva species to 
different light intensity reflects well the acclimation of each species to their natural habitats.  
Both species grow in the intertidal zone, however U. rigida is found high on the shore on 
open rock whilst U. capensis is usually found growing in tidal pools and in the shallow 
subtidal. It is possible that U. rigida is subject to more drastic changes in light compared to 
U. capensis, and extreme varying light conditions are known to set different physiological 
strategies in macroalgae (Dring et al., 1996). Therefore, acclimation to light in macroalgae is 
a habitat-conditioned phenomenon that relates to their distribution (Dring et al., 1996).  
The commercial Ulva production in raceway ponds of the integrated aquaculture system at I 
& J farm has been recorded since 2006. The production data and future production targets for 
2006 – 2007 were reported in Bolton et al. (2008). The current study investigated the actual 
Ulva production in the raceways, relative to production targets from January 2008 - 
December 2009. Comparing our data to those obtained by Bolton et al. (2008), it is clear that 
the average monthly yield per raceway throughout 2006 – 2009 did not increase significantly, 
and more realistic targets are proposed. A realistic target should be based on real production 
per raceway and should make provision for environmental growth conditions in the raceway 
and the maintenance of such raceways. Based on the data obtained from this study, a more 
realistic summer target for summer would be 2 t per month as production methods in the 
system can be improved and winter target should remain at 1.5 t per month as initially 
proposed. The management procedures at the farm are far from optimal for growing Ulva, and 
the production methods can be improved by enhancing the reliability and sustainability of the 
culture systems by improving our understanding of physiological attributes of growing Ulva 















Chapter 2 can be applied (as far as possible) on seaweed farms. In addition, developing 
informative health assays for farmed Ulva in order to provide early warning of unfavourable 
conditions in the culture systems should be one of the management tools.  
 
In years prior to this study it was noted that Ulva health can vary considerably throughout the 
year, and during late spring/summer there were outbreaks of an epiphyte infection (the brown 
crustose seaweed Myrionema strangulans) which caused severe damage to Ulva and reduced 
the production significantly. Covering of raceway ponds with shade cloth during 
spring/summer has been a farm management tool to prevent or reduce epiphyte infection. 
Despite this, the epiphyte problem persisted, leading I & J farm t  request us to assess the 
occurrence of this epiphyte further and to determine environmental conditions which could 
prevent its occurrence. It was hypothesized that by late spring and summer, when Ulva is 
growing rapidly, it’s internal nitrogen reserves were depleted, making it vulnerable to 
sustained epiphyte attack. The results supported this idea because infected Ulva thalli 
growing in natural seawater at the highest irradiance (160 µmol m
-2
 s-1) tested had no 
significant reduction in the epiphyte infection, indicating that high light and insufficient 
nutrients doesn’t help Ulva to fight epiphyte infection.   Ulva cultivated at I & J farm should 
be able to resist Myrionema infection provided it is grown with adequate nitrogen, 
irrespective of the season. However, macro-elements and trace elements that were present in 
our culture media may also be important, and farm managers should take note of this. These 
findings are important for farming operations as they should help to reduce the level of 
infection and diminish the direct negative effects of the epiphytes on Ulva. Providing Ulva 
with sufficient nutrients should help manage the epiphyte, but may also decrease the farm’s 
reliance on doing this by shading raceway ponds. Reduced shading, perhaps together with a 















recommendation is that 30 -50% shade cloth could be tried in both summer and winter, This 
could allow U. lactuca to dominate in summer during conditions of high irradiances, without 
growing too fast for the available nutrients, and at the same time minimize Myrionema 
infections and allow U. rigida which is suitable for low light conditions to dominate in 
winter.  
Although seaweeds are nutritionally valuable, they may also accumulate high levels of heavy 
metals which may be toxic to the consumer (Almela et al., 2002; 2006). Therefore it is 
important to provide information on the concentrations of these potentially harmful heavy 
metals present in farmed Ulva species as well as Ulva from natural populations. The results 
indicated that the consumption of Ulva species cultivated at I & J Abalone farm should not 
pose a risk for abalone health at least with respect to their content of Hg, As, Cd and Pb, 
which were well within the allowable value for humans in France. Wild U. capensis and U. 
rigida collected from Kommetjie had an average Cd content of 0.5 and 0.6% dry weight, 
respectively, which exceeded the set limit.  The large variability in metal concentrations 
found in all Ulva species at different times of the year must be taken into account when 
designing bio-monitoring programs, because different conclusions can be reached when using 
different sampling dates. In this study the cadmium levels of wild Ulva species have been 
above the set limit during all analysed months except in April 2008, when the levels were 0.1 
% and 0.3% dry weight for U. capensis and U. rigida, respectively. These results also 
demonstrated how complicated it is to compare data from studies carried out at different 
times of the year or in different locations. The average metal concentrations for seaweeds 
from the two locations (Kommetjie and I & J farm) were different and could be differentiated 
by PCA.  Therefore, future studies should focus not only on increasing the data for different 
















It was also important to compare the chemical constituents of Ulva in the wild with Ulva  
grown in aquaculture effluent at I & J farm to determine any seasonal or general differences 
that might make one or the other nutritionally superior.  The results showed that the wild 
material has gradually changing temporal patterns, whereas the cultivated material varies 
rapidly and rather randomly, presumably because of variation in water quality and nutrient 
content. The ash (mineral) content of wild Ulva species showed a seasonal trend with an 
increase during the late-winter to spring months. The farmed material shows more variation 
in the ash content than the wild material, and the farmed material generally has less ash 
(mineral) content than wild material.   The crude fibre content of wild and farmed Ulva 
species ranged from 3.11 to 5.71 % dry weight and is similar to that of soy meal, which is 
considered to be a good nutritional product.  Farmed Ulva species had higher carotenoids 
contents than wild species and there seems to be an inverse relationship between nitrogen 
level and accumulation of carotenoids.  The C: N ratio for both wild and farmed Ulva species 
ranged from 7.9 to 15.7, and according to Russell-Hunter (1970) most animals need a C: N 
ratio of 17 or less in their diet, therefore C: N obtained from this study indicates that the three 
Ulva species (U. capensis, U. rigida and U. lactuca) contain sufficient N for an animal diet.  
 Furthermore, cultivated Ulva was expected to have higher levels of biochemical and mineral 
content than wild Ulva but this was not the case. It is possible that low water velocities and 
turnover rates at the farm during the current study may have negatively influenced the 
chemical composition of cultivated Ulva. Depending on the farm priorities an optimal flow 
rate should be set to grow Ulva.  Furthermore, repair work on some of the raceway ponds 
during the current study meant that some of the working raceway ponds were stocked with a 
high biomass of Ulva, and the amount of nutrients added to each raceway was not based on 















stocking density is critical to achieve high growth rates and good quality Ulva and the 
amount of nutrients added to each raceway should depend on seaweed biomass. 
 
Proteins are a nutritional component of particular importance to animal aquaculture, and 
protein is typically the most costly component of formulated feed (Miles and Chapman, 
2007). This thesis provides information on the protein and amino acid composition of wild 
and farmed Ulva as well as establishing the nitrogen to protein conversion factors for wild U. 
capensis and U. rigida as well as farmed U. lactuca. The results showed large differences, for 
all Ulva species, between the two protein quantification methods used (Bradford and N x 
6.25). Values obtained with the traditional conversion factor of 6.25 were always 
significantly higher than values obtained with Bradford method. For instance, in wild U. 
capensis the values obtained from N x 6.25 were 64.1% higher than the Bradford values; in 
wild U. rigida were 77.1% higher; in farmed U. lactuca were 58.9% higher and in farmed U. 
rigida were 66.0% higher. However, both methods are unreliable (Yeoh and Wee, 1994; 
Conklin-Brittain et al., 1999; Ezeagu et al., 2002). The calculation of protein content by N × 
6.25 may tend to over or under estimate the actual protein content in the sample due to many 
shortcomings of this method. Furthermore, the Bradford method may be compromised by a 
large amount of interference (Stoscheck, 1990). Numerous substances such as phenol and 
phenolases (Mattoo et al., 1987) and flavonoids (Compton and Jones, 1985) interfere with the 
Bradford method and therefore this would have a negative effect on the final results.  
 
For the above reasons, the use of specific nitrogen-to-protein conversion factors (N-Prot 
factors) using quantitative amino acid profiles is considered the most accurate way of 
determining protein content. Our data suggest that an average specific N-Prot factor of 5.45 















The South African abalone aquaculture industry is expanding and there is a lack of 
information on the protein quality of Ulva species which are used as feed. The amino acid 
composition is important in determining the nutritional value of abalone feed. The amino acid 
profile of the three Ulva species in the present study appears to provide a balanced ratio of 
amino acids, when it is compared to the amino acid profile of abalone tissue, of species such 
as Haliotis discus hannai and Haliotis tuberculata (Mai et al., 1995), and South African 
Haliotis midae (Sales and Britz, 2003). Although tryptophan is found in the soft tissue of 
abalone and was not found in the Ulva species, Daume et al. (2003) and Sales and Britz 
(2003) showed that tryptophan is not considered essential for abalone. Nevertheless, 
supplementary feeding with formulated feed or other algae is normal practice on South 
African abalone farms (and could provide tryptophan).  
 
Based on the results of this thesis if I were to grow Ulva on a farm, I would recommend U. 
lactuca and U. rigida for different seasons. U. lactuca has high growth rate and takes up 
more N and P as well as tolerates higher light intensity – it is the preferred species for 
growing during summer. U. rigida also has a high growth rate, takes up significant amount of 
N and P but is a better species to grow during conditions of low light e.g. during winter. 
Therefore by growing a combination of U. rigida and U. lactuca one can obtain high growth 
rates throughout the seasons, which is essential to maintain a food source for the abalone. 
However, it must be borne in mind that Ulva may perform differently in systems other than 
paddle-wheel raceways, and this must be considered when experimental findings are applied 
in commercial cultivation. Also, it is critical to correctly identify the Ulva species that are 
being cultivated, as different species behave differently under different conditions, and 
















This thesis provides useful information that should help Ulva farmers to improve their 
cultivation techniques and enhance productivity and nutritional quality of this lucrative crop. 
Furthermore, as large amounts of Ulva can be grown in such raceway ponds, farmers might 
consider opportunities to use the seaweed in other applications beside fresh feed for abalone. 
For example: (1) Biomass e.g. biofuel (ethanol) production. Bolton et al (2008) compared 
yield of Ulva from the South African systems, and the top yields obtained by Ryther et al 
(1984) and showed them to be very similar to figures for microalgae grown throughout the 
year in similar systems. (2) The amino acid profiles of the examined Ulva species indicates 
that they may be useful as partial sources of dietary protein as compared with common 
vegetables such as potatoes, carrots, or cauliflower as they proved to be good sources of 
almost all essential amino acids. Therefore they can be utilized for human consumption and 
health. (3) Cyrus (2009) used dry Ulva as a feed component of sea urchins (Tripneustes 
gratilla) in South Africa and his results showed that inclusion of Ulva in the artificial diet 
significantly enhanced the colour of gonads. There are many lucrative opportunities for using 
Ulva as a component of aquafeed for instance, Valente et al. (2006) suggested that the 
inclusion of up to 10% of G. bursa-pastoris and U. rigida in a fish-formulated diet can be 
considered as very useful for sea bass juveniles. Cruz-Suarez et al. (2009) showed that the 
Ulva intake by shrimp improved the artificial feed conversion ratio and the growth rate and 
the diet performance on snakehead fish (Channa striatus) showed that the incorporation of 
5% Ulva spp. into the formulated diet resulted in increased growth rate, feed efficiency and 



















A.O.A.C. (1970) Official methods of Analysis, 11th ed. Association of Official Agriculture   
Chemists, Washington D.C. 20523. 
 
Abd El-Baky, H. H., El Baz, F. K. and  El-Baroty, G. S. (2008) Evaluation of marine alga 
Ulva lactuca L. as a source of natural preservative igredient. EJEAFChe, 7 (11): 3353-3367. 
 
Abdel-Fattah, A. and Sary, H.H. (1987) Selective isolation of glycoprotein materials from 
the green seaweed Ulva lactuca.  Pakistan Journal of Biochemistry, 20: 61 - 65. 
 
Adams, N. M. (1994) Seaweeds of New Zealand. An IllustratedGuide. Canterbury 
University Press, Christchurch, New Zealand. 
 
Aitken, K.A., Melton, L.D. and Brown, M.T. (1991) Seasonal protein variation in the New 
Zealand seaweeds Porphyra columbina Mont. and Porphyra subtumens J. Ag. 
(Rhodophyceae). Japanese Journal of Phycology, 39: 307 – 317. 
 
Alexis, M. N. (1997) Fish meal and fish oil replacers in Mediterranean marine fish diets. In: 
tacon, A., Basurco, B. 9Eds.), International Cent. For Advanced Mediterranean Agronomic 
Studies, CIHEAM, Zaragoza (Spain). Cah. Options Mediterr., 22: 183 -204. 
 
Allen, W. V. and Kilgore, J. (1975) The essential amino acid requirements of the red 
abalone, Haliotis rufescens. Comp. Biochem. Physiol., 50A: 771 – 775. 
 
Almela, C., Algora, S., Benito, V., Clemente, M.J., Devesa, V., and Súñe, M.A. (2002) 
Heavy metals total arsenic and inorganic arsenic contents of algae food products. Journal 
Agricultural Food Chemistry, 50: 918–23. 
 
Almela, C., Clemente, M.J., Vélez, D. and Montoro, R. (2006) Total arsenic, inorganic 

















Altamirano, M., Flores-Moya, A., Conde, F. and Figueroa, F. L. (2000a). Growth 
seasonality, photosynthetic pigments and carbon and nitrogen content in relation to 
environmental factors: a field study of Ulva olivascens (Ulvales, Chlorophyceae). 
Phycologia, 39 (1): 50 – 58.  
 
Altamirano, M., Flores-Moya, A. and Figueroa, F. L. (2000b) Long-term effects of natural 
sunlight undervarious ultraviolet radiation conditions on growth and photosynthesis of Ulva 
rigida (Chlorophyceae) cultivated in Situ. Botanica Marina, 43:  119 – 126.  
 
Anderson, R. J. and Bolton, J. J. (1985) Suitability of the agarophyte Suhria vittata (L.) J. 
Agardh (Rhodophyta: Gelidiaceae) for mariculture: geographical distribution, reproductive 
phenology and growth of sporelings in culture in relation to light and temperature. South 
African Journal of Marine Science, 3: 169 – 178. 
 
Anderson, R. J. and Hay, C. H. (1986) Seasonal production of Desmarestia firma (C. 
Agardh) Skottsb. (Phaeophyceae, Desmarestiales) in a kelp bed on the west coast of the Cape 
Penisula, South Africa. Botanica Marina, 29: 523 – 531. 
 
Anderson, R. J. and Bolton, J. J. (1989) Groeth and fertility, in relation to temperature and 
photoperiod, in South African Desmarestia firma (Phaeophyceae). Botanica Marina, 32: 149-
158. 
 
Anderson, R. J, Simons, R. H. and Jarman, N. G. (1989). Commercial seaweeds in South 
Africa: A review of utilization and research. South African Journal of Marine Science, 8: 277 
– 299.  
 
Anderson, R. J. and Bolton, J. J. (1990) Reproductive morphology and life histories of 
Southern African Gymnogongrus species (Rhodophyta, Phyllophoraceae). British 
















Anderson, R. J., Levitt. G. J. and Share, A. (1996) Investigations for the mariculture of 
Gracilaria gracilis at Saldanha Bay, South Africa. Journal of Applied Phycology, 8: 421 - 
430.  
 
Anderson, R. J., Carrick, P., Levitt, G. J. and Share, A. (1997) Holdfasts of adult 
Ecklonia maxima provide refuges from grazing for recruitment of juvenile kelps. Marine 
Ecology Progress Series, 159: 265 – 273.  
 
Anderson, R. C., Smit, A.J. and Bolton, J.J. (1998) Differential grazing effects by isopods 
on Gracilaria gracilis and epiphytic Ceramium diaphanum in suspended raft culture. 
Aquaculture, 169: 99 – 109.  
 
Anderson, R. J., Bolton, J. J.,  Molloy, F. J. and Rotmann, K. W. G. (2003). Commercial 
seaweed production and research in southern Africa. Proceedings of the 17
th 
International 
Seaweed Symposium. Oxford University Press, 1 - 12. 
 
Anderson, R. J., Rothman, M. D., Share, A. and Drummond, H. (2006) Harvesting of the 
kelp Ecklonia maxima in South Africa affects its three obligate, red algal epiphytes. Journal 
of Phycology, 18: 343 - 349.  
 
Andrews, W. R. H. and Hutchings, L. (1980) Upwelling in the Southern Benguela Current. 
Prog. Oceanog. 9: 1 – 81. 
 
Arasaki, S. and T. Arsaki, (1983). Vegetables from theSea. Japan Publication International, 
Tokyo: pp: 196. 
 
Arrontes, J. (1990) Composition, distribution on host and seasonality of epiphytes on three 
















Arasaki-Fujiwara, T., Mino, N. and Kuroda, M. (2004) The protein value in human 
nutrition of edible marine alga in Japan. Hydrobiologia, 116/117(1): 513 – 516. 
 
Atkinson, M. J. and Smith S. V. (1983) C: N:P ratios of benthic marine plants. Limnology 
and Oceanography, 28 (3):568-574. 
 
Beach, K. S., Smith, C. M., Michael, T. and Shin, H. (1995) Photosynthesis in 
reproductive unicells of Ulva fasciata and Enteromorpha flexuosa: implications for 
ecological success. Marine Ecology Progress Series, 125: 229 – 237.  
 
Beer, S., Larsson, C., Poryan, O. and Axelsson, L. (2000) Photosynthetic rates of Ulva 
(Chlorophyta) measured by pulse amplitude modulated (PAM) fluorometry. European 
Journal of Phycology, 35: 69 – 74.  
 
Bekheet, I. A., Kandil, K. M. and Shaban, N. Z. (1984) Studies on urease extracted from 
Ulva lactuca. Hydrobiologia, 116/117: 580 – 583. 
  
Bell, J.G., McEvoy, L. A., Tocher, D. R. and Sargent, J. R. (2000) Depletion of α-
tocopherol and astaxanthin in Atlantic salmon (Salmo salar) affect autoxidative defense and 
fatty acid metabolism. Journal of Nutrition, 130: 1800 – 1808. 
 
Ben-Amotz, A. and Avron, M. (1988) The wavelength dependence of massive of carotene 
synthesis in Dunaliella bardawil. Journal of Phycology, 25: 178–83. 
 
Benitez, L. V. (1989) Amino acid and fatty acid profiles in aquaculture nutrition studies. In: 
S. S De Silva (Editor), Fish Nutrition Research in Asia. Proceedings of the Third Asian Fish 
Nutrition Network Meeting. Asia Fish. Soc. Spec. Publ., 4: 23 – 35. 
 
Berges, J.A., Fischer, A.E., and Harrison, P. J. (1993) A comparison of Lowry, Bradford 
and Smith protein assays using different protein standards and protein isolated from marine 
















Besada, V., Andrade, J. M., Schultze, F. and González, J. J. (2009) Heavy metals in 
edible seaweeds commercialised for human consumption. Journal of Marine Systems, 75:  
305–313 
 
Bidwell, R. G. S., McLachlan, J. and Lloyd, N. D. H. (1985) Tank cultivation of Irish 
moss, Chondrus crispus Stackhouse. Botanica Marina, 28: 87 – 97.  
 
Bidwell, R. G. S. and McLachlan, J. (1985) Carbon nutrition of seaweeds: photosynthesis, 
respiration and photorespiration. Experimental Marine Biology and Ecology. 86: 15 – 46.  
 
Biebl, R. (1958) Temperature und osmotische Resistenz von Meeresalgen der bretonischen 
K/iste. – Protoplasma, 50: 217-242. 
 
Biebl, R. (1962) Temperaturresistenz tropischer Meeresalgen (verglichen mit jener von 
Algen in temperierten Meeresgebieten). Botanica marina, 4: 241-254. 
 
Bieleski, R.  L. (1973) Phosphate pools, phosphate transport, and phosphate vailability. Annu 
Rev Plant Physiology, 24: 225 – 252. 
 
Bird, K. T., Habig, C. and Debusk, T. (1982) Nitrogen allocation and storage patterns in 
Gracilaria tikvahiae (Rhodophyta). Journal of Phycology, 18: 344 – 348.  
 
Bjerkeng, B. (1992) Analysis of carotenoids in samonids. In: Quality Assurance in the Fish 
Industry ( H. H. Huss, M. Jakobsen and J. Liston, eds). Elsevier Science Publisher B. V., pp. 
417 – 424.  
 




utilization and repression of photorespiration in protoplasts and thalli of three 

















Björk, M., Axelsson, L. and Beer, S. (2004) Why is Ulva intestinalis the only macroalga 
inhabiting isolated rockpools along Swedish Atlantic coast. Marine Ecology progress Series, 
284: 109 – 116. 
 
Björnsäter, B. O. and Wheeler, P. A. (1990) Effect of nitrogen and phosphorus supply on 
growth and tissue composition of Ulva fenestrata and Enteromorpha intestinalis (Ulvales, 
Chlorophyta). Journal of Phycology, 26: 603 – 611.  
 
Black, W. A. P. and Mitchell, R. L. (1952) Trace elements in the common brown algae and 
seawater. J. Mar. Biol. Assoc. UK, 30: 575 – 584. 
 
Bliding, C. (1963) A critical survey of European taxa in Ulvales. Part I: Capsosiphon, 
Percursaria, Blidingia, Enteromorpha. Opera Botanica a societate Lundensi., 8:1 – 160.  
 
Bliding, C. (1968) A critical survey of European taxa in Ulvales. Part II: Ulva, Ulvaria, 
Monostroma, Kornmannia. Botaniska Notiser. 121: 535 – 629.  
 
Blomster, J. and Stanhope, M. J. (1998) Molecular and morphological analysis of 
Enteromorpha intestinalis and E. compressa (Chlorophyta) in the British Isles. Journal of 
Phycology, 34: 319–340. 
 
Blomster, J., Back S., Fewer D.P., Kiirikki M., Lehvo A., Maggs C.A. and Stanhope 
M.J. (2002) "Novel morphology in Enteromorpha (Ulvophyceae) forming green tides." 
American Journal of Botany, 89(11):1756-1763. 
 
Blunden, G. And Gordon, S. M. (1986) Betaines and their sulphonio analogues in marine 
algae. In: Round, F. E., Chapman, D. J. (Eds). Progress in Phycological Research, Biopress, 
Bristol, pp. 39 – 80. 
 
Boarder, S. J. and Shpigel, M.  (2001) Comparative growth performance of juvenile 
Haliotis roei fed on enriched Ulva rigida and various artificial diets. Journal of Shellfish. 















Bolton, J. J. and Lüning, K. (1982) Optimal growth and maximal survival temperatures of 
Atlantic Laminaria species [Phaeophyta) in culture. Marine Biology, 66: 89-94. 
 
Bolton, J.J. (1986) Marine phytogeography of the Benguela upwelling region on the west 
coast of southern Africa: a temperature dependent approach. Botanica Marina, 29: 251–256. 
 
Bolton, J. J.  and Levitt, G. J. (1987) The influence of upwelling on South African west 
coast seaseeds. South African Journal of marine Science, 5: 319- 325. 
 
Bolton, J. J and Anderson, R. J. (1990) Correlation between intertidal seaweed community 
composition and sea water temperature patterns on a geographical scale. Botanica Marina, 
33: 447 – 457. 
 
Bolton, J. J. (1994) Global seaweed diversity: patterns and anomalies. Botanica Marina, 36: 
241 - 246.  
 
Bolton, J.J. (1996) Patterns of species diversity and endemism in comparable temperate 
brown algal floras. Hydrobiologia, 326/327: 173–178. 
 
Bolton, J. J. and Anderson, R. J. (1997) Marine vegetation. In: Vegetation of Southern 
Africa. Cowling, R. M.; Richardson, D. M. & Pierce, S. M.(Eds.), Cambridge University 
Press. 348 – 370.  
 
Bolton, J. J., Robertson-Andersson, D. V., Shuuluka, D.  and Kandjengo, L. (2008)  
Growing Ulva (Chlorophyta) in integrated systems as a commercial crop for abalone feed in 
South Africa: a SWOT analysis. Journal of Applied Phycology, DOI 10.1007/s10811-008-
9385-6. 
 
Bolton, J. J. (2010) The biogeography of kelps (Laminariales, Phaeophyceae): a global 
















Bonneau, E. R. (1977) Polymorphic behaviour in Ulva lactuca L. (Chlorophyceae) in anexic 
culture. I. Occurrence of Enteromorpha – like plants in haploid clones. Journal of Phycology, 
13:133 – 140.  
 
Bonneau, E. R. (1978) Asexual Reproductive Capabilities in Ulva lactuca L 
(Chlorophyceae). Botanica Marina, 21(2): 117 – 121. 
 
Boyd, A. J., Tromp, B. B. S. and Horstman, D. A. (1985) The hydrology off the South 
African South Western coast between Cape Point and Danger Point in 1975. South African 
Journal of Marine Science, 3:145 – 168. 
 
Boyd, C. E. (1998) Water Quality for pond aquaculture. Research and Development series. 
43. Ala. Agr. Exp. Sta. Res. And Dev. Series. No. 43. 36 pg. 
 
Bradford, M. M. (1976) "A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein dye binding." Anal. Biochem., 72: 248-
254. 
 
Brandt, M. (2006) A re-circulating integrated abalone/seaweed culture system in South 
Africa: effects on particulate and sediment load. MFS, Stockholm University. 24pp. 
 
Breeman, A. M. (1988) Relative importance of temperature and other factors in determining 
geographic boundaries of seaweeds: experimental and phonological evidence. Helgolander 
Messresuntersuchungen, 42: 199 – 241. 
 
Britz, P.J. (1996a) The nutritional requirements of Haliotis midae and development of a 
practical diet for abalone aquaculture. PhD Dissertation, Rhodes University, Grahamstown, 
South Africa.  
 
Britz, P. J. (1996b) The suitability of selected protein sources for inclusion in formulated 
















Britz, P. J. (1996c) Effect of dietary protein level on growth performance of South African 
abalone, Haliotis midae, fed fishmeal-based semi-purified diets. Aquaculture, 140: 55 - 61.  
 
Britz, P. J., Hecht, T. and Knauer, J. (1996) Gastric evacuation time and digestive enzyme 
activity in abalone Haliotis midae fed a formulated diet. South African Journal of Marine 
Science, 17: 297 - 303. 
 
Brown, M.T. (1987) Effects of desiccation on photosynthesis of intertidal algae from a 
southern New Zealand shore. Botanica Marina, 30:121-127. 
 
Brown, M.T., Hodgkinson,W.M. and Hurd, C.L. (1999) Spatial and temporal variations in 
the copper and zinc concentrations of two green seaweeds from Otago Harbour, New 
Zealand. Marine Environmental Research, 47: 175–184. 
 
Burrows, E. (1971) Assessment of pollution effects by the use of algae. Proc. Roy. Soc. 
London, 177: 295 - 306.  
 
Burrows, E. (1991) Seaweeds of the British Isles: Volume 2. Chlorophyta. London. British 
museum of Natural history. 238 pg.  
 
Buschmann, A. H. and Gomez, P. (1993) Interaction mechanisms between Gracilaria 
chilensis_Rhodophyta.and epiphytes. Hydrobiologia, 260/261: 345–351. 
 
Buschmann, A. H. (1996) An introduction to integrated farming and the use of seaweeds as 
biofilters. Proceedings of the 15
th 
International Seaweed Symposium. 15: 326 – 327.  
 
Buttle, L. G. Crampton, V. O. and Williams, P. D. (2001) the effect of feed pigment type 
on the flesh pigment deposition and colour in farmed Atlantic salmon, Salmo salar L. 
Aquaculture Research, 32: 103 – 111. 
 
Cabello-Pasini, A., von-Wobeser, E. A. and Figueroa F. L. (2000) Photoinhibition of 















and Ulva lactuca (Chlorophyceae) in outdoor culture systems. Journal of Photochemistry and 
Photobiology, 57:  169–178. 
 
Caliceti, M., Argese, E., Sfriso, A.  and Pavoni, B. (2002)  Heavy metal contamination in 
the seaweeds of the Venice lagoon. Chemosfere, 47: 443–54. 
 
Campbell, S. J. (1999) Uptake of ammonium by four species of macroalgae in Port Phillip 
Bay, Victoria, Australia. Marine Freshwater Research, 50: 515 – 522.  
 
Carter, A. R. And Anderson, R. J. (1991) Biological and physical factors controlling the 
spatial distribution of the intertidal alga Gelidium pristoides in the Eastern Cape, South 
Africa. Journal of the Marine Biological Association of the U. K., 71: 555 – 568. 
 
Castro-Gonzales, M.I., Perez-Gil Romo, F., Perez-Estrella, S. and Carillo-Dominguez, 
S.D. (1996) Chemical composition of the green alga Ulva lactuca. Ciencas Marinas, 22: 205 
– 213.  
 
Cembella, A. D., Antia, N. J. and Harrison, P. J. (1983) The utilization of inorganic and 
organic phosphorus compounds as nutrients by eukaryotic microalgae: a multidisciplinary 
perspective: part I. Crit. Rev. Microbiol., 10: 317–91. 
 
Chan, J. C., Cheung, P. C. And Ang, P. O. J. (1997) Comparative studies on the effect of 
three drying methods on the nutritional composition of seaweed Sargassum hemiphyllum 
(Turn.). C. Ag. Journal of Agricultural and Food Chemistry, 45: 3056 – 3059. 
 
Chapman, A. R. O. and Craigie, J. S. (1977) Seasonal growth in Laminaria longicruris: 
relations with dissolved inorganic nutrients and internal reserves of nitrogen. Marine Biology, 
40: 197-205. 
 
Chapman, V. J. and Chapman, D.J. (1980) "Seaweeds and Their Uses." Chapman and 
















Chapman, P. and Shannon, L. V. (1985) The Benguela ecosystem part II. Chemistry and 
related processes. Oceanogr. Mar. Biol. Ann. Rev. 23: 183 – 251.  
 
Chenard, C. H., Kopsell, D.A. and Kopsell, D.E. (2005) Nitrogen concentration affects 
nutrient and carotenoid accumulation in parsley. Journal of Plant Nutrition, 2: 285-297. 
 
Chopin, T., Hourmant, A., Floch, J.Y. and Penot, M. (1990a) Seasonal variations of 
growth in the red alga Chondrus crispus on the Antlantic French coasts. II- Relations with 
phosphorus concentration in seawater and internal phosphorylated fractions. Canadian 
Journal of Botany. 68: 512 - 517 
 
Chopin, T., Hanishak, M.D., Koehn, F.E., Mollion, J. and Moreau, S. (1990b) Studies on 
carrageenans and effects of seawater phosphorus concentration on carrageenan content and 
growth of Agardhiella subulata (C. Agardh) Kraft and Wynne (Rhodophyceae, Solieriaceae). 
Journal of Applied Phycology, 2: 3-16 
 
Chopin, T., Buschmann, A. H., Halling, C., Troell, M., Kautsky, N., Neori, A., Kraemer, 
G. P., Zertuche-González, J. A., Yarish, C. and Neefus, C. (2001) Integrating seaweeds 
into marine aquaculture systems: A key towards sustainability. Journal of Phycology, 37: 975 
– 986.  
 
Chopin, T. and Sawhney, M. (2009) Seaweeds and their mariculture: 4477- 4487. In: The 
Encyclopedia of Ocean Sciences. J.H. Steele, S. A. Thorpe and J. K. Turekian (Eds.). 
Elsevier, Oxford. 
 
Christie, A.O. and Evans, L.V. (1962) Periodicity in the liberation of gametes and 
zoospores of Enteromorpha intestinalis Link. Nature (Lond.) 4811, 193– 194. 
 
Clement, M., Posada, P. and Crandall, K.A (2000) "TCS: a computer program to estimate 















Coat, G., Dion, P., Noailles, M.C., De Reviers, B., Fontiane, J. M., Berger-Perrot, Y. and 
Loiseaux-de Goe, R, S. (1998) Ulva armoricana (Ulvales, Chlorophyta) from the coasts of 
Brittany (France). II. Nuclear rDNA ITS sequence analysis. European Journal of Phycology, 
33: 81 – 86. 
 
Cohen, I. and Neori, A. (1991) Ulva lactuca Biofilters for marine Fishpond effluents: I: 
Ammonium uptake kinetics and nitrogen content. Botanica Marina, 34: 475 – 482. 
 
Collén, J., Mtotera, M., Abrahamsson, K., Semesi, A. and Pedersén, M. (1995) Farming 
and Physiology of the Red Algae Eucheuma: Growing Commercial Importance in East 
Africa. Royal 5wedish Academy of Science, 24: 7-8. 
 
Colorni, A. (1989) Perforation disease affecting Ulva sp. cultured in Israel on the Red Sea. 
Diseases of Aquatic Organisms, 7: 71-73. 
 
Combs, G. F. (1996) Should intakes with beneficial actions, often requiring supplementation, 
be considered for RDAs? Presented at the workshop ‘New Approaches, Endpoints and 
Paradigms for RDAs of Mineral Elements” held in Grand Forks. America Insitute of 
Nutrition. 2373S – 2376S. 
 
Compton, S.J. And Jones, C. (1985) Mechanism of dye response and interference in the 
Bradford protein assay. Anal. Biochem., 151: 369 - 374. 
 
Conklin-Brittain, N.L., Dierenfeld, E.S., Wrangham, R.W., Norconk, M. and Silver, 
S.C. (1999) Chemical protein analysis: A comparison of Kjeldahl crude protein and total 
ninhydrin protein from wild, tropical vegetation. J. Chem. Ecol., 25: 2601–2622. 
 
Constantini, S., Giordano, R., Ciarall, L. and Beccalonti, E. (1991) Mercury, cadmium 
and lead evaluation in Posidonia oceanica and Codium tomentosum. Mar. Pollut. Bull., 
22:362– 363. 
 
Countinho, R. and Zingmark, R. (1987) Diurnal photosynthetic responses to light by 
















Critchley, A. T. (1993) Gracilaria (Rhodophyta, Gracilariales): An economically important 
agarophyte. In: Ohno, M. & Critchley (eds.), Seaweed cultivation and marine ranching. JICA. 
pg 89 – 112.  
 
Critchley, A. T. and Rotmann, K. W. G. (1991) Industrial processing of seaweeds in 
Africa: The South African experience. In: Mshigeni, M. E.; Bolton, J.; Critchley A. & Kiangi 
G. (Eds), Proceedings of the 1
st 
International Workshop on Sustainable Seaweed Resource 
Development in Sub-Saharan Africa. Windhoek, Namibia: 85 – 97. 
 
Cruz-Suarez, L. E., Tapia-Salazar, M., Nieto-Lopez, M. G., Guajardo-Barbosa, C. and 
Ricque-Marie, D. (2009) Comparison of Ulva clathrata and the kelps Macrocystis pyrifera 
and Ascophyllum nodosum as ingredients in shrimp feeds. Aquaculture Nutrition, 15(4): 421 
– 430.  
 
Culver, C., Kuris, A.M. and Breede, B. (1997) Identification and Management of the 
Exotic Sabellid Pest in California Cultured Abalone. A Publication of the California Sea 
Grant College System. University of California. 29p. 
 
Cyrus, M. (2009) Development of an artificial diet for the production of export quality 
gonads from the sea urchin Tripneustes gratilla. Presented at the Conference of the 
Aquaculture Association of. Southern Africa (AASA) at Swakopmund, 7 – 13 September, 
2009. 
 
D'Elia, C. F. and DeBoer, J. A. (1978) Nutritional studies of two red algae. II. Kinetics of 
ammonium and nitrate uptake. Journal of Phycology, 14: 266-272. 
 
Danell, E. and Eaker, D. (1992) Amino acid and total protein content of the edible 
mushroom Cantharellus cibarius (Fries). J. Sci. Food Agric., 60:333-337. 
 
Darcy-Vrillón, B. (1993) Nutritional aspects of the developing use of marine macroalgae for 
















Daume, S., Long, B. M. and Crouch, P.  (2003) Changes in amino acid content of an algal 
feed species (Navicula sp.) and their effect on growth and survival of juvenile abalone 
(Haliotis rubra). Journal of Applied Phycology, 15: 201- 207. 
 
Davies, K. M. (2004) Plant pigments and their manipulation. Annual Plant Reviews Vol 12, 
ed. Oxford/Boca Raton: Blackwell Publishing/CRC Press, Boca Raton. 352 pp.  
 
Dawes, C. J. (1995) Suspended cultivation of Gracilaria in the sea. Journal of Applied 
Phycology, 7(3): 303 – 313.  
 
Dawes, C.J. (1998) Marine Botany. John Wiley & Sons, Inc. New York, pp: 480. 
 
 
De Boer, J. A., Guigli, H. J., Israel, T. L. and D’Elia, C. S. (1978) Nutritional studies of 
two red algae. I. Growth rate as a function of nitrogen source and concentration. Journal of 
Phycology, 14: 261 - 266. 
 
De Boer, J. A. (1981) Nutrients. In: The biology of seaweeds. Lobban, C. S. & Wynne, M. J. 
(eds.). Botanical monographs Vol. 17. Blackwell scientific publications. Oxford. Pg 356 – 
392.  
 
De Busk, T. A., Blakeslee, M. and Ryther, J. H. (1986) Studies on the outdoor cultivation 
of Ulva lactuca L. Botanica Marina, 29(5): 381 – 386.  
 
De Casabianca, M.L. and Posada, F. (1998) Effect of environmental parameters on the 
growth of Ulva rigida (Thau Lagoon, France). Botanica Marina, 41: 157 – 165.  
 
De Casabianca, M.L., Bathelemy, N., Serrano, O. and Sfriso, A. (2002) Growth rate of 
















 Del Campo, E., Garćia-Reina, G. and Correa, J. A. (1998) Degradative tissue disease in 
Ulva rigida (Chlorophyceae) associated with Acrochaete geniculata (Chlorophyceae). 
Journal of Phycology, 34: 160 – 166.  
 
DellaMonica, E. D. and McDowell, P. E. (1965) Comparison of b-carotene content of dried 
carrots prepared by three dehydration processes. Food Technol., 19: 1597. 
 
Demetropoulos, C. And Langdon, C. (2004) Pacific dulse (Palmaria mollis) as a food and 
biofilter in recirculated, land-based abalone culture systems. Aquacultural Engineering, 
32:57–75. 
 
Demning-Adams, B. (1990) Carotenoids and photoprotection in plants: a role for the 
xanthophyll zeaxanthin. Biochim. Biophys. Acta., 1020: 1 – 24. 
 
de Padua, M., Fontoura, P.S.G., and Mathias, A. L. (2004) Chemical composition of 
Ulvaria oxysperma (kutzing) bliding, Ulva lactuca (Linnaeus) and Ulva fasciata. Braz. 
Arch.Biol. Techn., 47: 49 – 55. 
 
Dickinson, C. I. (1963). British Seaweeds. Frome. Londen. 
 
Dickinson, D. M. J., Wyn Jones, R. G. and Davenport, J. (1982) Osmotic adaptation in 
Ulva lactuca under fluctuating salinity. Planta, 155(5): 409 – 415. 
 
Dieckmann, G. S. (1978) Aspects of growth and production of Laminaria pallida (grev.) J. 
Ag. off the Cape Penisular. MSc. Thesis University of Cape Town. South Africa. 98 pp.  
 
Dieckmann, G. S. (1980). Aspects of the ecology of Laminaria pallida (Grev.) J. Agardh of 
the Cape Peninsula (South Africa). 1. Seasonal growth. Botanica Marina, 23: 579 – 585.  
 
Dintzis, F. R., Cavins, J. F., Graf, E. and Stahll, T. (1988) Nitrogen·to·Protein Conversion 
















Dhargalkar, V.K. (1986) Biochemical studies in Ulva reticulata Forskal in the Chapora Bay, 
Goa. Mahasagar - Bull. natn. Inst. Oceanogr., 19(1): 45-51. 
 
Dlaza, T. S. (2006) Growth of juvenile abalone under aquaculture conditions. MSc thesis. 
Department of Biodiverstiy and Conservation Biology. University of the Western Cape. 91 
pg. 
 
Drew E. A. (1983) Light in Sublittoral ecology: the ecology of the shallow sublittoral bethos, 
R. EARLL and D.G. Erwin, editors, Clarendon Press, Oxford, pp. 10 – 57. 
 
Dring, M.J. (1988) Photocontrol of development in algae, Annu. Rev. Plant Physiol. Plant 
Mol. Biol., 39:157–174. 
 
Dring, M. J., Wagner, A., Boeskov, J. and Lüning, K. (1996 b) Sensitivity of intertidal and 
subtidal red algae to UVA and UVB radiation, as monitored by chlorophyll fluorescence 
measurements: influence of collection depth and season, and length of irradiation. European 
Journal of Phycology, 31: 293 - 302. 
 
 Dua, S., Kaur, M., and Ahluwalia, A. S. (1993) Functional properties of two pollutant 
grown green algae. Journal of Food Science and Technology, 30: 25-28. 
  
Duke, C. S., Lapointe, B. E. and Ramus, J. (1986) Effects of irradiance on growth, 
RuBPCase activity and chemical composition of Ulva species (Chlorophyta). Journal of 
Phycology, 22(3):362 – 370.  
 
Duke, C. S., Litaker, W. and Ramus, J. (1987) Seasonal variation in RuBPCase activity 
and N allocation in the Chlorophyte seaweeds Ulva curvata (Kutz.) and Codium 
decorticatum (Woodw.) Howe. Journal of Experimental  Marine Biology and  Ecology,  
112:145 – 164.  
 
 
Duke, C. S., Litaker, W. and Ramus, J. (1989a) Effects of the temperature, nitrogen supply 
and tissue nitrogen on ammonium uptake rates of the Chlorophyte seaweeds Ulva curvata 















Duke, C. S., Litaker, W. and Ramus, J. (1989b) Effect of temperature on nitrogen limited 
growth rate and chemical composition of Ulva curvata (Ulvales, Chlorophyta). Marine 
Biology (Ber),  100:143 – 150.  
 
Dunstan, G. A., Baillie, H. J., Barrett, S. M. and Volkman, J.K. (1996) Effect of diet on 
lipid composition of wild and cultured abalone. Aquaculture, 140: 115-127. 
 
Durazo-Beltrán E., D’Abramo L. R., Toro-Vazquez J. F., Vasquez-Peláez C. and Viana 
M. T. (2003) Effects of triacylglycerols in formulated diets on growth and fatty acid 
composition in tissue of green abalone (Haliotis fulgens). Aquaculture, 224: 257-270. 
 
Dye, A. H. (1993) Recolonization of intertidal macroalgae in relation to gap size and 
molluscan hebivory on a rocky shore on the east coast of Southern Africa. Marine Ecology 
Progress Series, 95: 263 – 271. 
 
Edward, L. R. (1999) Phycology. 3
rd 
Ed. Cambridge University Press. Cambridge. Pg. 176 – 
185, 207 – 233.  
 
Einav, R., Breckle, S. and Beer, S. (1995) Ecophysiological adaptation strategies of some 
intertidal marine macroalgae of the Israeli Mediterranean coast. Marine Ecology Progress 
Series, 125: 219 – 228. 
 
El- Baz, F.K., Aboul-Enein, M.A., El-Baroty, G.S., Youssef, A.M. and Abd El-Baky, 
H.H. (2002). Accumulation of antioxidant vitamins in Dunaliella salina. Online J. Biol. Sci., 
2: 220–223. 
 
Engledow, H. R. and Bolton, J. J (1992) Environmental tolerances in culture and agar 
content of Gracilaria verrucosa (Hudson) Papenfuss (Rhodophyta, Gigartinales) from 
















Enright, C. T. (1979) Competitive interaction between Chondrus crispus (Florideophyceae) 
and Ulva lactuca (Chlorophyceae) in Chondrus aquaculture. Proceedings of the International 
Seaweeed Symposium, 9: 209 – 218. 
 
Eppely, R. W. (1962) Hydrolysis of polyphosphates by Porphyra and other seaweeds. 
Physiol. Plant, 15: 246 – 51.  
 
Edwards, M.S. and Estes, J. A.  (2006) Catastrophe, recovery and range limitation in NE 
Pacific kelp forests: a large-scale perspective. Marine Ecology Progress Series, 320: 79 - 87. 
 
Evans, G. C. (1972) The quantitative analysis of plant growth. Studies in Ecology. Blackwell 
Scient. Pupl. Oxford. pg 247 – 254.  
 
Ewart, J. A. D (1967) Amino acid analyseso f cerealflour proteins. J . Sci. Food Agric., 18: 
548-552. 
 
Ezeagu, I. E., Petzke, J.K., Metges, C.C., Akinsoyinu, A.O. and Ologhobo, A.D. (2002) 
Seed protein contents and nitrogen-to-protein conversion factors for some uncultivated 
tropical plant seeds. Food Chemistry, 78: 105-109. 
 
FAO (2002) The state of World Fisheries and Aquaculture. FAO Fisheries Deaprtment, 
Rome. pp. 159. 
  
Falkowski, P.G. and Owens T.G. (1980) Light-shade adaptation: two strategies in marine 
phytoplankton. Plant. Physiol., 66: 592-595. 
 
Falkowski, P.G. and Raven, J.A. (1997) Aquatic photosynthesis. Blackwell Science, 
Oxford Fallu, R. 1991. Abalone farming. Fishing news books. Oxford. 195 Pg.  
 
Fan-Lu, I., Sung, M-S., and Lee, T. M. (2006) Salinity stress and hydrogen peroxide 
















Figueroa,  F. L. (1991)  Red, blue and green light photoreceptors controlling chlorophyll, 
biliprotein and total protein synthesis in the red alga Chondrus crispus, British Phycological  
Journal, 26: 383–393. 
 
Figueroa, F. L., Nygard, C., Ekelund, N. and Gomez, I. (2003) Photobiological 
characteristics and photosynthesis UV responses in two Ulva species 9Chlorophyta) from 
southern Spain. Journal of Photochemistry and Photobiology B: Biology, 72(1-3): 35 – 44. 
 
Fillit, M. (1995) Seasonal changes in photosynthetic capacities and pigment content of Ulva 
rigida in a Mediterranean coastal lagoon. Botanica Marina, 38: 271 – 280.  
 
Fityanos, K., Evgenidou, E. and Zachariadis, G. (1999) Use of macroalgae as biological 
indicators of heavy metal pollution in Thermaikos Gulf, Greece. Bull Environ Contam 
Toxicol., 62:630–7. 
 
Fleming, A.E. (1995) Growth, intake, feed conversion efficiency and chemosensory 
preference of the Australian abalone, Haliotis rubra. Aquaculture, 132: 297 - 310. 
 
Fleming, A. E., van Barneveld, R. J. and Hone, P. W. (1996) The development of artificial 
diets for abalone: a review and future directions. Aquaculture, 140: 5 - 53.  
 
Fleming, A. E. (1999) Conditioning of Australian abalone broodstock. Mar.Freshwater Res. 
Inst. Queenscliff, Australia.  
 
Fletcher, R. L. (1987) Seaweeds of the British Isles. Volume 3. Fucophyceae 
(Phaeophyceae). Part 1. British museum (Natural History). London. pg 112 – 115. 
 
Fletcher, R. L. (1995) Epiphytism and fouling in Gracilaria cultivation: an overview. 
















Fleurence, J., Le Coeur, C., Mabeau, S., Maurice, M. and Landrein, A. (1995) 
Comparison of different extractive procedures for proteins from the edible seaweeds Ulva 
rigida and Ulva rotundata. Journal of Applied Phycology, 7:577 – 582. 
 
Fleurence, J. (1999) Seaweed proteins: biochemical, nutritional aspects and potential uses. 
Trends in Food Science & Technology, 10:25 – 28. 
 
Fleurence, J., Chenard, E. and Lucon, M. (1999) Determination of the nutritional value of 
proteina obtained from Ulva armoricana. Journal of Applied Phycology, 11: 231–239. 
 
Flodin, C., Helidoniotis, F. and Whitfield, F. B. (1999) Seasonal variation in bromophenol 
content and bromoperoxidase activity in Ulva lactuca. Phytochemistry, 51: 135 – 138. 
 
Flodin, J. M. T. (2005) Bacterial water quality in South African abalone (Haliotis midae) 
tank culture: effects on bacterial levels from seaweed integration and feed choice. MFS. 
Stockholm University pp19. 
 
Floreto, E. A. T., Hirata, H., Ando, S. and Yamasaki, S. (1993) Effects of temperature, 
light intensity, salinity and source of nitrogen on the growth, total lipid and fatty acid 
composition of Ulva pertusa Kjellman (Chlorophyta). Botanica Marina, 36: 149 – 158.  
 
Floreto, E. A. T., Hirata, H., Yamasaki, S. and Castro, S. C. (1994) Influence of light 
intensity on the fatty acid composition of Ulva pertusa Kjellman (Chlorophyta). Botanica 
Marina, 37: 143 – 149.  
 
Floreto, E. A. T. and Teshima, S. (1998) The fatty acid composition of seaweeds exposed to 
















Flores-Moya, A., Fernández, J. A. and Niell, F. X. (1995) Seasonal variations of 
photosynthetic pigments, total C, N, and P content, and photosynthesis in Phyllariopsis 
purpurascens (Phaeophyta) from the Strait of Gibralter. Journal of Phycology, 31: 876 – 874. 
 
Fong, P. and Zedler, J. B. (1993) Temperature and light effects on the seasonal succession 
of algal communities in shallow coastal lagoons. Journal of Experimental Marine Biology 
and Ecology, 171:  259-272. 
 
Fong, P., Donohoe, R. M. and Zedler, J. B. (1994) Nutrient concentration in tissue of the 
macroalga Enteromorpha as a function of nutrient history: an experimental evaluation using 
field microcosms. Marine Ecology Progress Series, 106: 273-281. 
 
Fong, P., Boyer, K. E. and Zedler, J. B. (1998) Developing an indicator of nutrient 
enrichment in coastal estuaries and lagoons using tissue nitrogen content of the opportunistic 
alga, Enteromorpha intestinalis (L. Link). Journal of Experimental Marine Biology and 
Ecology, 231: 63-79. 
 
Forstner, U. (1985) Chemical forms and reactivities of metals in sediments. In bioavailable 
metals in sludges and soil. Leschbe R, Davis RD and Hermit PL (Eds). 1-30. Elserier, 
London. 
 
Fortes, M. D. and Lüning. K. (1980) Growth rates of NorthSea macroalgae in relation to 
temperature, irradiance and photoperiod. Helgoländer wiss. Meeresunters, 34: 15 - 29. 
 
Foss, P., Storebakken, T., Schiedt, K., Liaaen- Jensen, S., Austreng, E. and Streiff, K. 
(1984) Carotenoids in diets for salmonids I. Pigmentation of rainbow trout with the individual 
optical isomers of astaxanthin in comparison with canthaxanthin. Aquaculture, 41: 213 – 226. 
 
Fowden, L. (1954) A comparison of the composition of some algal proteins. Ann. Bot., 71: 
257–266. 
 
Friedlander, M., Galai, N. and Farbstein, H. (1990) A model of seaweed growth in an 















Friedlander, M. and Ben-Amotz, A. (1991) The effect of out door culture conditions on 
growth and epiphytes of Gracilaria conferta. Aquatic Botany, 39:315 – 333.  
 
Friedlander, M. (1992) Gracilaria conferta and its epiphytes: The effect of culture 
conditions on growth. Botanica Marina, 35: 423 – 428.  
 
Friedlander, M. and Levy, I. (1995) Cultivation of Gracilaria in outdoor tanks and ponds. 
Journal of Applied Phycology, 7: 315 – 324.  
 
Friedlander, M., Gonen, Y., Kashman, Y. and Beer, S. (1996) Gracilaria conferta and its 
epiphytes: Allelopathic inhibitions of the red seaweed by Ulva cf. lactuca. Journal of Applied 
Phycology, 8: 21 – 25.  
 
Fredericksen, O. T. (1987) The fight against eutrophication in the inlet of “Odense Fjord” 
by reaping sea lettuce (Ulva lactuca). In: (D. Athie and C. C. Cerri, eds.) the use of 
Macrophytes in Water pollution control. Pergamon Press, Exeter, U. K. pg 81 – 87.  
 
Fries, L. (1975) Some observations of the morphology of Enteromorpha linza (L.) J. Ag. and 
Enteromorpha compressa (L.) Grev. in axenic culture. Botanica Marina, 18: 251 – 253. 
 
Fujita, R. M. (1985) The role of Nitrogen status in regulating transient ammonium uptake 
and storage by macroalgae. Journal of Experimental Marine Biology and Ecology, 92:283 – 
301.  
 
Fujiwara-Arasaki, T., Mino, N. and Kuroda, M. (1984) The protein in human nutrition of 
edible marine algaein Japan. Hydrobiologia, 116/117: 513-516. 
 
Gaetka, L.M. and Chow, C.K. (2003) Copper toxicity, oxidative stress, and antioxidant 















Galland-Irmouli, A. V., Fleurence, J. and Lamghari, R. (1999) Nutritional value of 
proteins from edible seaweed Palmaria palmata (Dulse). J. Nutr. Biochem., 10: 353–9. 
 
Ganzon-Fortes, E.T., Azanza-Corrales, R. and Aliaza, T. (1993) Comparison of 
photosynthetic responses of healthy and "diseased" Kappaphycus alvarezii (Doty) Doty using 
P vs I curve. Botanica Marina, 38: 503 -506. 
 
Gao, K. and Umezaki, I. (1988) Comparative photosynthetic capacities of the leaves of 
upper and lower parts of Sargassum plants. Botanica Marina, 31: 231 – 236. 
 
Gao, I. (1991) Comparative photosynthetic capacities of different parts of Sargassum horneri 
(Phaeophyta). Japanese Journal of Phycology, 39: 245 – 252. 
 
Gerard, V.A. (1988) Ecotypic differentiation in light-related traits of the kelp Laminaria 
saccharina. Marine Biology, 97: 25 - 36. 
 
Ghannoum, O. and Conroy, J.P. (2007) Phosphorus deficiency inhibits growth in parallel 
with photosynthesis in a C3 (Panicum laxum) but not two C4 (P. coloratum and Cenchrus 
ciliaris) grasses. Functional Plant Biology, 34: 72-81. 
 
Goldhaber, S. B. (2003) Trace element risk assessment: essentiality vs. Toxicity. Regul 
Toxicol Pharmacol., 38: 232 – 242. 
 
Goldberg, R., Clark, P., Wikfors, G. H. and Shpigel, M. (1998). Performance of Ulva 
ridgida as a biofilter in a flow-through mariculture system. Journal of Shellfish Research, 
17(1): 345 – 355. 
 
Goodwin, T. W. and Britto, G. (1988) Distribution and Analysis of Carotenoids. In: Plant 
















Gouveia L., Choubert G., Gomes E., Pereira N., Santinha J. and Empis J. (2003) 
Pigmentation of gilthead Seabream Sparus aurata (lin, 1875), using microalga. Aquaculture 
Research. 33:  1-7. 
 
Gschwced, M. P., Macfarlanr, .L.K. and Newman, K. A.(1985) Volatile halogenated 
compounds released to seawater from temperate marine macroalgae .Science, 227: 1033-
1035. 
 
Guilizzoni, P. (1991) The role of heavy metals and toxic materials in the physiological 
ecology of submersed macrophytes. Aquatic Botany, 42: 87 – 109. 
 
Gupta, S. K., Jha, A. K., Pal, A. K. And Venkateshwarlu, G. (2007) Use of natural 
carotenoids for pigmentantion in fishes. Natural Product Radiance. 6(1): 46 – 49. 
 
Guroy,  K.B., Cirik,  S., Guroy,  D., Sanver, F. snd Tekina, A.A. (2007) Effects of Ulva 
rigida and Cystoseira barbata Meals as a Feed Additive on Growth Performance, Feed 
Utilization, and Body Composition of Nile Tilapia, Oreochromis niloticus. Turk. J. Vet. 
Anim. Sci., 31 (2):  91-97. 
 
Haines, K. C. and Wheeler, P. A. (1978) Ammonium and nitrate uptake by the marine 
macrophytes Hypnea musciformes (Rhodophyta) and Macrocystis pyrifera (Phaeophyta). 
Journal of Phycology, 14: 319-324. 
 
Hahn, K. O. (1989) Nutrition and growth of abalone. In: Hahn K.O. (Eds.). Handbook of 
culture of abalone and other marine gastropods. CRC Press, Florida: 135 – 156. 
 
Han, T. and Kain, J.M. (1996) Effect of photon irradiance and photoperiod on young 

















Han, T., Han, Y.S., Kain, J.M. and Hader, D.P. (2003) Thallus differentiation of 
photosynthesis, growth, reproduction and UV-B sensitivity in the green alga Ulva pertusa 
Kjellman. Journal of Phycology, 39: 712–721. 
 
Hanisak, M.D. (1979) Nitrogen limitation of Codium fragile spp. Tomentosoides as 
determinedby tissue analysis. Marine Biology, 50: 333–7. 
 
Hanisak, M. D. (1983) The nitrogen relationships of marine macroalgae. In Nitrogen in the 
marine environment (eds. E. J. Carpenter and D. G. Capone), pp. 699- 730. New York: 
Academic Press. 
 
Hanisak, M. D. and Samuel, M. A. (1983) The influence of major environmental factors on 
the growth of Gracilaria tikvahiae (Rhodophyceae) in culture. Journal of Phycology 19: 6. 
 
Hanisak, M. D. and Ryther, J. H. (1984) Cultivation biology of Gracilaria tikvahiae in the 
United States. Hydrobiologia, 116/117:295 – 298.  
 
Hansen, J., Robertson-Andersson, D.V. and Troell, M. (2006) Control of the herbivorous 
gastropod Fissurella mutabilis (Sow.) in a integrated abalone-seaweed culture. Aquaculture, 
255:384– 388. 
 
Haritonidis, S. and Malea, P. (1995) Seasonal and local variation of Cr, Ni and Co 
concentrations in Ulva rigida C. Agardh and Enteromorpha linza (Linnaeus) from 
Thermaikos Gulf, Greece. Environ. Pollut., 89: 319–327. 
 
Haritonidis, S. and Malea, P. (1999) Bioaccumulation of metals by the green algae Ulva 
rigida from Thermaikos Gulf, Greece. Environ. Pollut., 104: 365–372. 
 
Harlin, M.M. and Wheeler, P.A. (1985) Nutrient uptake. In: M.M. Littler and D.S. Littler 
(eds), Ecological Field Methods: Macroalgae. Phycological Handbook Vol IV, pp 493-508. 
















Hashim, R. and  Maat-Saat, A. (1992) The utilizations of seaweed meal as binding agents 
in pelleted feeds for sneakhead (Channa striatus) fry and their effects on growth. 
Aquaculture, 108: 299- 308. 
 
Hayden, H. S., Blomster, J., Maggs, C. A., Silva, P. C., Stanhope M. and Waaland J. R. 
(2003) Linnaeus was right all along: Ulva and Enteromorpha are not distinct genera. 
European Journal of Phycology, 38: 277-294. 
 
Heathcote, J. G. (1950) The protein quality of oats. Br. J. Nutr., 4: 145-154. 
 
Hecht, T. (1994) Behavioral thermoregulation of the abalone, Haliotis midae, and the 
implications for intensive culture. Aquaculture, 126: 171 – 181.  
 
Hein, M., Pedersen, M. F. and Sand-Jensen, K. (1995) Size-dependent nitrogen uptake in 
micro- and macroalgae. Marine Ecology Progress Series, 118: 1-3. 
 
Henley, W. J. and Ramus, J. (1989) Phot accumulation of Ulva rotundata (Chlorophyta) 
under natural irradiance. Marine Biology. 103: 261 – 266.  
 
Henley, W.J., Levavasseuk O., Franklin, L.A., Lindley, S.T., Ramus, J. and Osmond, 
C.B. (1991a) Diurnal responses of photosynthesis and fluorescence in Ulva rotundata 
acclimated to sun and shade in outdoor culture. Marine Ecology Progress Series, 75: 19-28. 
 
Henley, W.J., Levavasseuk O., Franklin, L.A., Lindley, S.T., Osmond, C.B. and Ramus, 
J. (1991b) Photoacclimation and photoinhibition in Ulva rotundata as influenced by nitrogen 
availability. Planta, 184: 235-243. 
 
Henley, W.J. (1993) Measurement and interpretation of photosynthetic light-response curves 

















Hernández, I., Peralta, G., Pérez-Lloréns, J.L., Vergara, J.J. and  Niell, F.X. (1997) 
Biomass and dynamics of growth of Ulva species in Palmones river estuary. Journal of 
Phycology, 33: 764–772. 
 
Hildago, F., Alliot, E. and Thebault, H. (1987) Influence of water temperature on food 
intake, food efficiency and gross composition of juvenile sea bass, Dicentrarchus labrax. 
Aquaculture, 64: 199 – 207. 
 
Hiraoka, M., Shimada, S., Ohno, M. and Serisawa, Y. (2003) Asexual life history by 
quadriflagellate swarmers of Ulva spinulosa (Ulvales, Ulvophyceae). Phycological Research, 
51: 29–34. 
 
Hirata, H. and Kohirata, E. (1993) Culture of the sterile Ulva sp. in marine fish farms. 
Israel Journal of Aquac-Barmidgeh, 45: 164 -168. 
 
Ho, Y. B. (1990) Ulva lactuca as bioindicator of metal contamination in intertidal waters in 
Hong Kong. Hydrobiologia, 203: 73 – 81.  
 
Hoeksema, B. W. and van den Hoek, C. (1983.) The taxonomy of Ulva (Chlorophyceae) 
from the coastal region of Roscoff (Brittany, France). Botanica Marina, 26:  65 – 86.  
 
Howart, R. W. (1988) Nutrient limitation of net primary production in marine ecosystems. 
Annual Review of Ecology and Systematics, 19: 89 – 110. 
 
Huang, X., Ke, C. and Wang, W. (2008) Bioaccumulation of silver, cadmium and mercury 

















Huerta-Diaz, M.A., de Leon-Chavira, F., Lares, M.L., Chee-Barragan, A. and 
Siqueiros- Valencia, A. (2007) Iron, manganese and trace metal concentrations.  
Geochemistry, 22: 1380–1392. 
 
Humbeck, K., Romer, S. and Senger, H. (1998) Evidence for an essential role of 
carotenoids in the assembly of an active photosystem II. Planta, 179(2):  242 – 250. 
 
Ichihara, K., Arai, S., Uchimura, M., Fay, E.J., Ebata, H., Hiraoka, M. and 
Shimada, S. (2009) New species of freshwater Ulva, Ulva limnetica (Ulvales, 
Ulvophyceae) from the Ryukyu Islands, Japanese Phycological Research, 57(2): 94 – 
103. 
 
Isaac, W. E. (1942) Seaweeds of possible economic importance in the union of South Africa. 
Journal of  South  African Botany, 225 – 236.  
 
Isaac, W. E. (1953) South African vegetation and future investigations in this field. J Journal 
of  South  African Botany, 19: 85 – 92.  
 
Isaac, W. E. and Molteno, C. J. (1953) Seaweed resources of South Africa. Journal of 
South African Botany, 19: 85 – 92.  
 
Israel, A., Friedlander, M. and Neori, A. (1993) Biomass, yield, photosynthesis and 
morphological expression of Ulva lactuca. Botanica Marina, 38: 297 – 302. 
 
Iversen, E. S. (1968.) Farming the edge of the sea. Fishing News Books. London  
 
Jennings, D. A. (1969) Methinine loss during protein hydrolysis of plant materials. J. Agric. 
Food Chem., 17:668. 
 
Jimenez, C., Figueroa, F. L.,  Salles, S.,  Aguilera, J.,  Mercado, J., Vinegla, B., Flores-















and photoinhibition in red macrophytes from an intertidal system of southern Spain. Botanica 
Marina, 41: 32 - 38. 
 
Jimenez del Rio, M., Ramazanov, Z. and Garcia-Reina, G. (1996) Ulva rigida (Ulvales, 
Chlorophyta) tank culture as biofilters for dissolved inorganic nitrogen from fishpond 
effluents. Hydrobiologia, 326/327: 61 – 67.  
 
John, D.M.  and Maggs, C.A. (1997) Species problems in eukaryotic algae: a modern 
perspective. In M.F. Claridge, H.A. Dawah & M.R. Wilson (Eds), Species: Units of 
biodiversity. Systematics Association Special Volume, 54: 83-107. 
 
Johnson, E. A. and An, G. H. (1991) Astaxanthin from microbial sources. Crit. Rev. 
Biotech, 11: 297 – 326. 
 
Jonell, M. (2008) Nitrogen and amino-acid content in on-farm cultivated Ulva sp. and other 
seaweed species used as abalone feed and an evaluation of the fertilizing method practiced at 
an integrated mariculture farm in South Africa. Master thesis, Stockholm University, 34pg. 
 
Jones, D.B. (1931) Factors for converting percentages of nitrogen in foods and feeds into 
percentages of protein. USDA Circ., 183: 1 – 21. 
 
Jones, A.B. (1994) Influence of nitrogen sources and availability on amino acids, pigments 
and tissue nitrogen of Gracilaria edulis (Rhodophyta).PhD. thesis, University of Queensland. 
 
Jones, A. B., Dennison, W. C. and Stewart, G. R. (1996) Macroalgal responses to nitrogen 
source and availability: Amino acid metabolic profiling as a bioindicator using Gracilaria 
edulis (Rhodophyta). Journal of Phycology, 32: 757- 766. 
 
Joska, M. A. P. (1992) Taxonomy of Ulva species (Chlorophyta) in the South Western Cape, 
















Josselyn, M. N. And West, J. A. (1985) The distribution and temporal dynamics of the 
estuarine macroalgal community of San Fransisco Bay. Hydrobiology, 129: 139 – 152. 
 
Kaehler, S. and Kennish, R. (1996) Summer and winter comparisons in the nutritional value 
of marine macroalgae from Hong Kong. Botanica Marina, 39: 11-17. 
 
Kakinuma, M., Shibahara, N., Ikeda, H., Maegawa, M. and Amano, H. (2001a) Thermal 
stress responses of a sterile mutant of Ulva pertusa (Chlorophyta). Fisheries Science, 67: 
287-294. 
 
Kamala-Kannan, S., Batvari, B. P. D.,  Lee, K. J., Kannan, N., Krishnamoorthy, R., 
Shanthi, K. and  Jayaprakash, M. (2008) Assessment of heavy metals (Cd, Cr and Pb) in 
water, sediment and seaweed (Ulva lactuca) in the Pulicat Lake, South East India 
.Chemosphere, 71: 1233–1240. 
 
Kandjengo, L. (2003) The Molecular systematics of Ulva Linnaeus and Enteromorpha Link 
(Ulvales, Chlorophyta) form the South Western Cape, South Africa. Masters Thesis. 
University of Cape Town. South Africa. 80 pg.  
 
Kapraun, D. F. (1970) Field and actual studies of Ulva and Enteromorpha in the vicinity of 
Port Aransas, Texas. Contributions in marine science, 15: 205 – 285.  
 
Kamer, K. and Fong, P. (2000) A fluctuating salinity regime mitigates the negative effects 
of reduced salinity on the estuarine macroalga, Enteromorpha intestinalis (L.) Link. Journal 
of Experimental Marine Biology and Ecology, 254: 53–69. 
 
Karsten, U., Wiencke, C. and Kirst, G.O. (1991) Growth patterns and ß 
dimethylsulfoniopropionate (DMSP) content of green macroalgae at different irradiances. 
















Kato, S. and Watanabe, T. (1971) Studies on the diseases of cultured porphyra III. 
Phosphorus metabolism in porphyra, manifesting the white wasting like symptom. Bull. Jap. 
Soc. Sci. Fish.,  37: 380-386. 
 
Khanizadeh, S., Buszard, D. and Zarkadas, C.G. (1992) Comparison of 3 methods for 
calculating protein-content in developing apple flower buds. J. AOAC Int., 75(4): 734 – 737. 
 
King-Brink, M. and Sebranek, J. G. (1993) Combustion method for determination of crude 
protein in meat and meat products: collaborative study. J AOAC International, 76(4): 787 – 
793. 
 
Kirst, G.O. (1990) Salinity tolerance of eukaryotic marine algae. Ann Rev Plant Physiol 
Plant Mol Biol.,, 40:21–53. 
 
Klamermans, P., Malta, J - E., Verschuure, J. M.., Schrijvers, L., Lentz, L. F. and Lien, 
A. T. A. (2002). Effects of grazing by isopods & amphipods on growth of Ulva spp. 
(Chlorophyta). Aquatic Ecology, 36: 425 - 433.  
 
Kleinig, H. (1969) Carotenoids of siphonous green algae: a chemotaxonomical study. 
Phycologia, 5: 281 – 284. 
 
Knauer, J., Brady, D., Duncan, J. R. and Hecht, T. (1995b) Amino acid, fatty acid and 
mineral element profile of juvenile South African abalone, Haliotis midae L. Aquaculture 
Research, 26: 283 - 288.  
 
Koeman, R. P. T. and van den Hoek, C. (1981) The taxonomy of Ulva (Chlorophyceae) in 
the Netherlands. British Phycological Journal, 16: 9 – 53.  
 
Koeman, R. P. T. and van den Hoek, C. (1984).The taxonomy of Enteromorpha Link, 
1820 (Chlorophyceae) in the Netherlands. III. The sections Flexuosae and Clathratae. 















Kong, M. K. and Chan, K. (1979) A study on the bacterial flora isolated from marine algae. 
Botanica Marina. Berlin., 22: 83 – 97.  
 
Konerup, A. and Wanscher, J.H. (Revised by Don Pavey) (1978) Methuen Handbook of 
Colour - Third Edition London, Eyre Methuen. 252 pp. 
 
Kornmann, P. and Sahling, P. H. (1983) Meeresalgen von Helgoland: Ergänzung. Helgol 
Meeresunters, 36:1–65. 
 
Koutropoulos, D., Nikolaides, G. and Haritonidis, S. (1991) Biomass response of the 
macrophyte Ulva spp. to nitrogen enriched seawater. Oebalia, 17: 652 - 672. 
 
Kremer, B. P. (1981) Carbon metabolism. In: The biology of seaweeds. Lobban, C. S. & 
Wynne, M. J. (eds.). Botanical monographs Vol. 17. Blackwell scientific publications. 
Oxford. pg 493 – 533.  
 
Lahaye, M., Gómez-Pinchetti, J.L., Jiménez del Río, M. and García-Reina, G. (1995) 
Natural decoloration, composition and increase in dietary fibre content of an edible marine 
algae, Ulva rigida (Chlorophyta), grown under different nitrogen conditions. J. Sci. Food 
Agric., 68: 99–104. 
 
Lampert, W. and Sommer, U. (1997) Limnoecology. The Ecology of Lakes and Streams. 
Oxford University Press: New York. 
 
Lapointe, B. E. and Ryther, J. H. (1979) The effects of nitrogen and seawater flow rate on 
the growth and biochemical composition of Gracilaria foliifera var. angustissima in mass 
outdoor cultures. Botanica Marina, 22: 529-537. 
 
Lapointe, B. E. and Tenore, K. R. (1981) Experimental outdoor studies with U. fasciata 
Delile, I: Interaction of light and nitrogen on nitrogen uptake, growth and biochemical 
















Lapointe, B. E. (1982) Interactions between light intensity, temperature and nitrogen on 
growth rate, physiological processes and chemical composition of Gracilaria tikvahiae 
(Rhodophyta, Gigartinales). In Sciences and Engineering, 43: 186. 
 
Lapointe, B.E. (1997) Nutrient thresholds for bottom-up control of macroalgal blooms on 
coral reefs in Jamaica and southeast Florida. Limnol. Oceanogr., 42: 1119–1131. 
 
Larkum, A. W. D. and Barrett, J. (1983) Light harvesting process in algae. Adv. Bot. Res., 
10: 1 – 219. 
 





uptake and nutrient-limited growth in the macroalga Dictyosphaeriacavernosa. Marine 
Ecology Progress Series, 157:  295-302. 
  
Larned, S.T. (1998) Nitrogen versus phosphorus-limited growth and sources of nutrients for 
coral reef macroalgae. Marine Biology, 132: 409–21. 
 
Lartigue, J., Neill, A., Hayden, B. L., Pulfer, J. and Cebrian (2003) The impact of salinity 
fluctuations on net oxygen production and inorganic nitrogen uptake by Ulva lactuca 
(Chlorophyceae). Aquatic Botany, 75: 339 – 350. 
 
Leukart, P., and Luning, K. (1994) Minimum spectral light requirements and maximum 
light levels for long-term germling growth of several red algae from different water depths 
and a green alga. European Journal of Phycology, 29: 103– 112. 
 
Levey, D.J., Bissell, H.A. and O’keefe, S.F. (2000) Conversion of nitrogen to protein and 
amino acids in wild fruits. J. Chem. Ecol., 26: 1749 – 1763. 
 
Levine, H. and Wilce, R. (1977) Ulva lactuca as a bioindicator of coastal water quality. 
















Levitt, G. J., Anderson, R. J., Simons, R. H. and Jarman, N. G. (1992) Past present and 
future utilization of the South African Laminariales. In: Mshigeni, M. E.; Bolton, J.; 
Critchley A. & Kiangi G. (Eds), Proceedings of the 1
st 
International Workshop on Sustainable 
Seaweed Resource Development in Sub-Saharan Africa. Windhoek, Namibia: 171 – 187.  
 
Levitt, G. J.,  Anderson, R. J., ,Boothroyd, C. J. T. and Kemp, F. A. (2002) The effects of 
kelp harvesting on its regrowth and the understorey benthic community at Danger Point, 
South Africa, and a new method of harvesting kelp fronds. South African Journal of Marine 
Science, 24: 71 - 85. 
 
Levitt G. J. and Bolton J. J (1990) Seaonal primary production of undersory rhodophyta in 
an upwelling system. Journal of Phycology. 26: 214-220. 
 
Levitt G. J. and Bolton J. J (1991) Seasonal patterns of photosynthesis and physiological 
parameters and the effects of emersion in littoral seaweeds. Botanica Marina, 34: 403 -410. 
 
Levitt, G.J. (1993) Primary production of Cape of Good Hope littoral and sublittoral 
seaweeds. Transaction of the Royal Society of South Africa. 48: 339 – 350. 
 
Liao, C.M., Chen, B. G., Lin, M.C., Chiu, H. M. and Chou, Y.H. (2002) Coupling 
toxicokintetics and pharmacodynamics for predicting survival of abalone (Haliotis 
diversicolor supertexta) exposed to waterborne zinc. Environmental Toxicology, 17(5): 478 – 
486. 
 
Liao, C. M. and Ling, M. P. (2004) Probability risk assessment of abalone Haliotis 

















Lignell, A., Ekman, P. and Pedersén, M. (1987) Cultivation technique for marine seaweeds 
allowing controlled and optimized conditions in the laboratory and on a piolet scale. Botanica 
Marina, 30: 417 – 424.  
 
Linnaeus, C. (1753). Species Plantarum. Vol. 2. Stockholm.  
 
Linskens, H.F. (1976) Specific interactions in higher plants. In Specificity in Plant Diseases 
(Wood, R.K.S. and Graniti, A., editors). Plenum, New York/London. 
 
Littler, M. M. (1980) Morphological form and photosynthetic performances of marine 
macroalgae: Tests of a functional/form hypothesis. Botanica Marina, 22: 161 – 165.  
 
Littler, M. M. and Littler, D. S. (1980) The evolution of thallus form and survival strategies 
in benthic marine macroalgae: field and laboratory tests of a functional-form model. The 
American naturalist., 116(1): 25 – 44.  
 
Littler, M. M. and Arnold, K. E. (1982) Primary productivity of marine macroalgae 
functional form groups from South Western North America. Journal of Phycology, 18: 307 – 
311.  
 
Littler, M. M. and Littler, D. S. (1983) Evolutionary strategies in a tropical barrier reef 
system: functional-form groups of marine macroalgae. Journal of Phycology, 19: 229 – 237.  
 
Lindgren, E. (2000) The new environmental context for disease transmission – with case 
studies on climate change and tick-borne encephalitis. PhD thesis, Dept. of Systems Ecology, 
Stockholm University, Sweden. 112 pg.  
 
Lingnell, A., Eckman, P. and Pedersén, M. (1987) Cultivation techniques for marine 
seaweeds allowing controlled and optimized conditions in the laboratory and on a pilot scale. 















Liu, C.H., Shih, M.C. and Lee, T.M. (2000) Free proline levels in Ulva (Chlorophyta) in 
response to hypersalinity: elevated NaCl in seawater versus concentrated seawater. Journal of 
Phycology, 36:118–119. 
 
Lobban, C. S. and Harrrison, P. J. and Duncan, M. J. (1985).The Physiological Ecology 
of Seaweeds. Cambridge University Press. Cambridge. 242 pg.  
 
Lobban, C. S. and Harrrison, P. J. (Eds.) (1994).Seaweed ecology and physiology. 
Cambridge University Press. Cambridge. 366 pp. 
 
Lobban, C. S. and Harrrison, P. J. (eds.) (1997) Seaweed ecology and physiology. 
Cambridge University Press. Cambridge. 366 pg.  
 
Lotze, H.K. and Schramm, W. (2000) Ecophysiologicaltraits explain species dominance 
patterns in macroalgal blooms. Journal of Phycology, 36: 287–95. 
 
Lourenco, S.O., Barbarino, E., De-Paiula, J.C., Pereira, L.O., Da, S. and  Lanfer- 
Marquez, U.M. (2002a) Amino acid composition, protein content, and calculation of 
nitrogen-toprotein conversion factors for nineteen tropical seaweeds. Phycological Research, 
50: 233 – 241. 
 
Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) Protein measurement 
with the folin phenol reagent. J. Biol. Chem., 193: 265–275. 
 
Lozano, G., Hardisson, A., Gutiérez, A.J. and Lafuente, M.A. (2003) Lead and cadmium 
levels in coastal benthic algae (seaweeds) of Tenerife, Canary Islands. Environ Int., 28:627–
31. 
 
Lüning, K. (1981) Light: Algae, ocean environment, photosynthesis. In: The biology of 
seaweeds. Lobban, C. S. and Wynne, M. J. (eds.). Botanical monographs Vol. 17. Blackwell 















Lüning, K. (1984) Temperature tolerance and biogeography of seaweeds: The marine algal 
flora of Helgoland (North Sea) as an Example. Helgolinder Meeresunters. 38: 305-317. 
 
Lüning, K., and Dring, M.J.  (1985) Action spectra quantum yield of photosynthesis in 
marine macroalgae with thin and thick thalli, Marine Biology, 87: 119–129. 
 
Lüning, K and Dieck, T. (1989) Environmental triggers in algal seasonality. Botanica 
Marina, 32: 389 – 397. 
 
Lüning, K. (1990) Seaweeds: Their environment, biogeography and ecophysiology. John 
Wiley and sons. Inc. Intersience. 527 pg.  
 
Lüning, K. (1992) Day and night kinetics of growth rate in green, brown  and red seaweeds, 
Journal of Phycology, 28:794–803. 
 
Lüning, K. and Pang, S. J. (2003) Mass cultivation of seaweeds: Current aspects and 
approaches. Journal of Applied Phycology. 15(2-3):115 – 119. 
 
Lüning, K., Kadel, P. and Pang, S. (2008) Control of reproduction rhythimicity by 
environmental and endogenous signals in Ulva pseudocurvata (Chlorophyta) Journal of 
Phycology, 44 (4):  866-873. 
 
Lyon, R. G. (1995) Aspects of the physiology of the South African abalone, Haliotis midae 
L., and implications for intensive abalone culture. MSc Thesis. Rhodes University. South 
Africa. 85 pg.  
 
Mabeau, S. and Fleurence, J. (1993) Seaweed in food products: biochemical and nutritional 
















Macchiavello J., Araya E.  and Bulboa,  C. (2010) Production of Macrocystis pyrifera 
(Laminariales; Phaeophyceae) in northern Chile on spore-based culture Journal of Applied 
Phycology, 22 (6): 691-697. 
 
Mai, K., Mercer, J. P. and Donlon, J. (1995a) Comparitive studies on the nutrition of two 
species of abalone, Haliotis tuberculata L. and Haliotis discus hannai Ino. III. Response of 
abalone to various levels of dietry lipid. Aquaculture, 134: 65 – 80.  
 
Mai, K., Mercer, J. P. and Donlon, J. (1995b) Comparative studies on the nutrition of two 
species of abalone, Haliotis tuberculata L. and Haliotis discus hannai Ino. IV. Optimum 
dietary protein level for growth. Aquaculture, 134: 65 – 80.  
 
Malea, P., Haritonidis, S. and Stratis, I. (1994b) Bioaccumulation of metals by 
Rhodophyta species at Antikyra Gulf (Greece) near an aluminium factory. Botanica Marina, 
37: 505 - 513. 
 
Malta, E.J., Draisma, S.G.A. and Kamermans, P. (1999) Freefloating Ulva in the 
southwest Netherlands: species or morphotypes? A morphological, molecular and ecological 
comparison. European Journal of Phycology, 34: 443 – 454. 
 
Mann, K. H. (1972) Ecological energetics of the seaweed zone in a marine bay on the 
Atlantic Coast of Canada. I. Zonation and biomass of seaweeds. Marine Biology 12, 1-10. 
 
Mann, K. H. (1973) Seaweeds: Their productivity and strategy for growth. Science 182: 
975–981. 
 
Mann, K.H., Arman, N. G. J. and Dieckmann, G. S. (1979) Development of a method for 
measuring the productivity of the kelp Ecklonia maxima (Osbeck) Papenfuss. Trans Roy Soc 
















Markager, S. and Sand-Jenson, K. (1990) Heterotrophic growth of Ulva lactuca 
(Chlorophyceae). Journal of Phycology, 26: 670 – 673.  
 
Marquardt, J. (1988) Effects of carotenoids depletion on the photosynthetic apparatus of a 
Galdieria sulphuraria (Rhodophyta) strain that retains its photosynthetic apparatus in the 
dark. Journal of Plant Physiology. 152: 372 – 380. 
 
Martins, I., Oliveira, J.M., Flindt, M.R. and Marques, J.C. (1999).The effect of salinity 
on the growth rate of the macroalgae Enteromorpha intestinalis (Chlorophyta) in the 
Mondego estuary (west Portugal). Acta Oecol. 20 (4), 259–265. 
 
Mattoo, R.L., Ishaq, M. and Saleemuddin, M. (1987) Protein assay by Coomassie Brilliant 
Blue G-250-binding method is unsuitable for plant tissues rich in phenols and phenolases. 
Anal. Biochem., 163: 376–384. 
 
Mattox, K. R. and Stewart, K. D. (1984) Classification of the green algae: A concept based 
on comparative cytocology. In Systematics of the green algae, eds. D. E. G. Irvine & D. M. 
John. Academic Press. London. Pg 29 – 72.  
 
McLachlan, J. and Bidwell, R.G.S. (1983) Effect of coloured light on the growth and 
metabolism of Fucus embryos and apices in culture. Canadian Journal of Botany, 61: 1993 -
2003. 
 
McGlathery, K. J., Pedersen, M. F. and Borum, J. (1996) Changes in intracellular nitrogen 
pools and feedback controls on nitrogen uptake in Chaetomorpha linum (Chlorophyta). 
Journal of Phycology, 32: 393-401. 
 
McLachlan, J. L. (1991) General principles of on shore cultivation of seaweeds: effects of 
















Mcquaid, C. D. (1985b) Seasonal variation in the ash-free calorific value of nine intertidal 
algae. Botanica Marina, 28: 545 – 548.  
 
Medina, C.R. and Matibag, P.M. (1983) Nutritive value of some Philippine seaweeds: Part 
II. Proximote, amino acids and vitamin composition. Philipp. J. Nutr., 166 - 172. 
 
Melkonian, M. (1980) Flagellar apparatus, mating structure and gametic fusion in Ulva 
lactuca (Ulvales, Chlorophyceae). British Journal of Phycology, 15:197 – 200.  
 
Menéndez, M., Herrera, J. and Comín, F.A. (2002) Effect of nitrogen and phosphorus 
supply on growth, chlorophyll content and tissue composition of the macroalga 
Chaetomorpha linum (OF Müll.) Kütz in a Mediterranean coastal lagoon. Sci. Mar. 66: 355–
64. 
 
Menesguen, A. And Cugier, P. (2006) A new numerical technique for tracking chemical 
species in a multi-source coastal ecosystem applied to nitrogen causing Ulva blooms in the 
Bay of the Brest (France). Limnology and Oceanography, 51: 591 – 601. 
 
Migita, S. (1985) The sterile mutant of Ulva pertusa Kjellman from Omura Bay. Bulletin of 
the Faculty of Fisheries, Nagasaki University. 57:33 – 37.  
 
Milton, K. And Dintzis, F. R. (1981) Nitrogen to protein conversion factors for tropical 
plants. Biotropica, 13(3): 177 – 181. 
 
Mitchell- Innes, B. A. and Walker, D. R. (1991) Short term variability during an anchor 
station study in the Southern Benguela upwelling system: Phytoplankton production and 
biomass in relation to species changes. Prog. Oceanog. 28: 65 – 89. 
 
Mohsen, A. F.,  Khaleata, A. F.,  Hashem, M. A. and Metwalli, A. (1974) Effect of 
different nitrogen sources on growth, reproduction, amino acid, fat and sugar contents in Ulva 















Morand, P. and Briand, X. (1996) Excessive growth of macroalgae: a symptom of 
environmental disturbance. Botanica Marina, 39: 491-516. 
 
Morgan, K. C. and Simpson, F. J. (1981) Cultivation of Palmaria (Rhodymenia) palmata: 
effect of high concentrations of nitrate and ammonium on growth and nitrogen uptake. 
Aquatic Botany, 11: 167-171. 
 
Morr, C. V. (1982) Recalculated nitrogen conversion factors for several soybean protein 
products. Journal of Food Science, 47: 751 - 752. 
 
Mshigeni, K. E. and Kajumulo, A. A. (1979) Effects of the environemtn on polymorphism 
in Ulva fasciata Delile (Chlorophyta, Ulvaceae). Botanica Marina, 22:145 – 148.  
 
Msuya, F. E.  and Neori, A. (2002) Ulva reticulata and Gracilaria crassa: Macroalgae that 
can biofilter effluent from tidal fishponds in Tanzania. Western Indian Ocean J. Mar. Sci., 
1(2): 117–126. 
 
Muller, S. (1986) Taxonomy of the genus Haliotis in South Africa. Trans. Roy. Soc. S. Afr. 
46(1): 69 – 77.  
 
Mtolcra, M .S. P., Collen, J., Pedersen, M., Ekdahl, A., Abrahanson, K. and Serresi, 
A.K. (1995) Production of volatile halogenated organic compound, by Eucheuma 
denticulatum (Rhodophyta) during stress caused by elevated pH and high light intensities • 
European  Journal of  Phycology, 30: 289-297 
 
Mosse´, J. (1990) Nitrogen to protein conversion factor for ten cereals and six legumes or 
oilseeds. A reappraisal of its definition and determination. Variation according to species and 
to seed proteic content. J. Agric. Food Chem., 38: 18 – 24. 
 
Müller, R., Nilsson, L., Nielsen, L.K. and Nielsen, T.H. (2005) Interaction between 
phosphate starvation signaling and hexokinase-independent sugar sensing in Arabidopsis 















Murphy, J and Riley, J. P. (1962) A modified single-solution method for the determination 
of phosphate in natural waters. Analytical Chim. Acta., 27: 31 – 36.  
 
Murthy, M.S., Rao, A.S. and Faldu, P.J. (1988) Invertase and total amylase activities in 
Ulva lactuca from different tidal levels, under desiccation. Botanica Marina, 31:53–56. 
 
Muse, J.O., Carducci, C.N., Stripeikis, J.D., Tudin, M.B. and Fernandez, F.M. (2006) A 
link between lead and cadmium kinetic speciation in seawater and accumulation by the green 
alga Ulva lactuca. Environmental Pollution, 141:126 – 130. 
 
Naidoo, K., Maneveldt, G., Ruck, K. and Bolton, J. J. (2006) A comparison of various 
seaweed-based diets and formulated feed on growth rate of abalone in a land-based 
aquaculture system. Journal of Applied Phycology, 18: 437 - 443.  
 
Nakagawa, H., Kasahara, S. and Sugiyama, T. (1987) Effect of Ulva meal 
supplementation on lipid metabolism of black sea bream, Acanthopagrus schlegeli (Bleeker). 
Aquaculture, 62(2): 109 – 121. 
 
Nakanishi, K., Nishijima, M., Ni himura, M. Kuwano, K. and Saga, N. (1996) Bacteria 
that induce morphogenesis in Ulva pertusa (Chlorophyta) grown under anoxic conditions. 
Journal of Phycology, 32: 479 – 482.  
 
Nakano, T., Kanmuri, T., Sato, M., and Takeuchi, M. (1999) Effect of astaxanthin rich red 
yeast (Phaffia rhodozyma) on oxidative stress in rainbow trout. Biochim. Biophys. Acta., 
1426: 119 – 125. 
 
Naldi, M. and Wheeler, P.A. (2002) 15N measurements of ammonium and nitrate uptake by 
Ulva fenestrata (Chlorophyta) and Gracilaria pacifica (Rhodophyta): comparison of net 
nutrient dis-appearance, release of ammonium and nitrate, and 15N accumulation in algal 















Neori, A., Krom, M., Ellner, S., Boyd, C., Popper, D., Rabinovitch, R., Davison, P., Dvir, 
O., Zuber, D., Ucko, M., Angel, D. and Gordin, H. (1996) Seaweed biofilters as regulators 
of water quality in integrated fish-seaweed culture units. Aquaculture, 141(3-4):183 – 199.  
 
Neori, A., Ragg, N. L. C. and Shpigel, M. (1998) The integrated culture of seaweed, 
abalone, fish and clams in modular intensive land-based systems: II. Performance and 
nitrogen partitioning within an abalone (Haliotis tuberculata) and macroalgae culture system. 
Aquacultural Engineering. 17:215 – 239.  
 
Neori, A., Chopin, T., Troell, M., Buschmann, A. H., Kraemer, G. P., Halling, C., 
Shpigel, M. and Yarish, C. (2004) Integrated aquaculture: rationale, evolution and state of 
the art emphasizing seaweed biofiltration in modern aquaculture. Aquaculture, 231: 361 - 
391. 
 
Netten, C.V., Cann, S.A.H., Morley, D.R. and Netten, J.P.V. (2000) Elemental and 
radioactive analysis of commercially available seaweed. The Science of the Total 
Environment, 255: 169–175. 
 
Nickell, D. (1998) Problems of pigmentation in rainbow trout. Trout News, 26: 26 – 30. 
 
Niesenbaum, R. A. (1988) The ecology of sporulation by the macroalga Ulva lactuca L. 
(Chlorophyceae). Aquatic Botany, 32(1 – 2):155 – 166.  
 
Nisizawa, K., Noda, H., Kikuchi, R. and Watanabe, T. (1987) The main seaweed foods in 
Japan. Hydrobiologia. 151/152: 5 – 29.  
 
Nixon, S.W., Owiat, C.A. Frithsen, J. and Sullivan, B. (1986) Nutrients and the 
















Norman, J. A., Pickford, C. J., Sanders, T. W. and Waller, W. (1987) Human intake of 
arsenic and iodine from seawater-based food supplements and health foods available in the U. 
K. Food Add. Contam. 5: 103 – 109. 
 
Oakes, F. R. and Ponte, R. D. (1996) The abalone market: Opportunities for cultured 
abalone. Aquaculture, 140: 187 – 195. 
 
Ochiai, Y., Katsuragi, T. and Hashimoto, K. (1987) Proteins in three seaweeds: “Aosa” U.   
lactuca, “Arame” Eisenia bicyclis, and “Makusa” Gelidium amansii. Bulletin of the Japanese 
Society of Scientific Fisheries, 53: 1051 – 1055. 
 
Ohno, M. (1977) Effect of temperature on the growth rate of seaweeds in an aquatron culture 
system. Bulletin of Japanese Society of Phycology, 25: 257-263. 
 
Ohno, M. and Critchley, A.T. (eds.) (1993) Seaweed cultivation and marine ranching. 
Yokosuka, Japan: Japan International Cooperation Agency. 151 pp. 
 
Ohno, M.,   Mizutani, S., Taino, S.  and   Takahashi,  I. (1999)   Ecology of the edible 
green alga Ulva prolifera in Shimanto River, Southern Japan. Bulletin Marine Science and 
Fisheries- Kochi University, 19: 27-35. 
 
Orosa, M., Torres, E., Fidalgo, P. and Abalde, J. (2000) Production and analysis of 
secondary carotenoids in green algae. Journal of Applied Phycology. 12: 553-556. 
 
Ortiz, J., Romero,N. Rober, P., Aray, J., Lopez-Hernandez, J., Bozzo, C., Navarrete, E., 
Osorio, A. and Rios, A. (2006) Dietary fiber, amino acid, fatty acid and tocopherol contents 

















Oza, R. M. and Sreenivasa Rao, P. (1977) Effect of different culture media on growth and 
sporulation of laboratory raised germlings of Ulva fasiata Delila. Botanica Marina, 20 (7): 
427 – 431.  
 
Paez-Osuna, F., Ochoa-Izaguirre, M.J., Bojorquez-Layva, H. and Michel-Reynoso, I.L. 
(2000) Macroalgae as biomonitors of heavy metal availability in coastal lagoons from the 
subtropical Pacific of Mexico. Bull. Environ.Contam. Toxicol., 64: 846–851. 
 
Papenfuss, G. F. (1960) On the genera of the Ulvales and the status of the order. J. Linn. 
Soc. (Bot.), 56: 303 – 318.  
 
Parida, A.K. and Das, A.B. (2005) Salt tolerance and salinity effects on plants: a review. 
Ecotoxicol Environ saf, 60:324–349. 
 
Parke, M. (1948) Studies on British Laminariaceae. 1. Growth in Laminaria saccharina. 
Journal of the Marine Biological Association of the U.K., 27: 651- 709. 
 
Parker, H. S. (1981) Influence of relative water motion on the growth, Ammonium uptake 
and Carbon and Nitrogen composition of Ulva lactuca (Chlorophyta). Marine Biology, 63(3): 
309 – 318.  
 
Parsons, T. R. and Harrison, P. J. (1983) Nutrient cycling in marine ecosystems. In Pirson. 
A. & Zimmerman M. (Eds). Encyclopedia of Plant Physiology, Vol. 12. Physiological Plant 
Ecology IV. Springer-Verlag, Berlin, pp. 77–105. 
 
Pedersen, M. (1994) Transient ammonium uptake in the macroalga Ulva lactuca 
(Chlorophyta): Nature, regulation, and the consequences for choice of measuring technique. 
















Pedersen, M. F. and Borum, J. (1997) Nutrient control of estuarine macroalgae: growth 
strategy and the balance between nitrogen requirements and uptake. Marine Ecology 
Progress Series, 161: 155-163.  
 
Pedersen, A., Kraemer, G.  and Yarish, C. (2004) The effects of temperature and nutrient 
concentrations on nitrate and phosphate uptake in different species of Porphyra from Long 
Island Sound (USA). Journal of Experimental Marine Biology and Ecology, 312: 235– 252 
 
Perez-Llorens, J.L., Vergara, J.J., Pino, R.R., Hernandez, I.,
 
Peralta, G. and Niell, F.X. 
(1996) The effect of photoacclimation on the photosyntheticphysiology of Ulva curvata and 
Ulva rotundata (Ulvales, Chlorophyta) European  Journal of  Phycology,  31: 349-359. 
 
Pérez, A. A., Farías, S. S., Strobl, A. M., Pérez,  L. B., López, C. M.,  Piñeiro, A., Roses, 
O. and  Fajardo, M. A. (2007) Levels of essential and toxic elements in Porphyra 
columbina and Ulva sp. from San Jorge Gulf, Patagonia Argentina. Science of the Total 
Environment, 376:  51–59. 
 
Peters, K.J., Amsler, C.D., Amsler, M.O., McClintock, J.B., Dunbar, R.B., and Baker, 
B. J. (2005) A comparative analysis of nutritional and elemental composition of macroalgae 
from the western Antarctic Peninsula. Phycologia, 44: 453 – 463. 
 
Peterson, G.L. (1979) Review of the Folin phenol protein quantitation method of Lowry, 
Rosebrough, Farr and Randall. Anal. Biochem., 100: 201-220. 
 
Peterson, G.L. (1983) Determination of total protein. Methods Enzymol., 91: 95 – 119. 
 
Phillips, J. A. (1984) The validity of morphological and characters in distinguishing species 
of Ulva in Southern Australia. In. Systematics of the green algae. Irvine, D. E. G. NS John, 
D. M. (eds.) Academic Press, London. Pg 353 – 361.  
 
Phillips, J. A. (1988) Field, Anatomical and developmental studies on Southern Australian 
















Phillips, D.J.H. (1990) Arsenic in aquatic organisms: a review, emphasizing chemical 
speciation. Aquatic Toxicology, 16: 151–186. 
 
Phillips, J. A. (1990) Life history studies of Ulva rigida C. Ag. And Ulva stenophylla S. et. 
G. (Ulvaceae, Chlorophyta) in Southern Australia. Botanica Marina,  33: 79 – 84.  
 
Pinchetti, J. L. G., Fernandez, E.D.C., Diez, P.M. and Reina, G.G. (1998) Nitrogen 
availability influences the biochemical composition and photosynthesis of tank-cultivated 
Ulvaa rigida (Chlorophyta). Journal of Applied Phycology, 10:383 - 389. 
 
Platt, T. and Irwin, B. (1973) Caloric content of phytoplankton. Limnol. Oceanography, 18: 
306 – 309. 
 
Platt, S.G., Plant, Z., and Bassham, J.A. (1977) Ammonium Regulation of Carbon 
Metabolism in Photosynthetic Leaf Discs. Plant Physiol, 60: 739-742. 
 
Platt, T., Gallegos, C. L. and Harrison, W. G. (1980) Photoinhibition of photosynthesis in 
natural assemblages of marine pjytoplankton. Journal Marine Research, 38: 687 – 701. 
 
Poole, L. J. and Raven, J. A. (1997) The biology of Enteromorpha. Progress in 
Phycological Research, 12: 1-123. 
 
Preston, A., Jeffries, D.F., Dutton, J.W.R., Harvey, B.R. and Steele, A.K. (1972) British 
Isles coastal waters: the concentration of selected heavy metals in sea water, suspended 
matter and biological indicators. A pilot survey. Environmental Pollution, 3:69–82. 
 
Pringle, J.D. (1986) Swarmer release and distribution of life-cycle phases of Enteromorpha 
intestinalis (L.) (Chlorophyta) in relation to environmental factors. Journal of Experimental 
Marine Biology and Ecology, 100: 97-l1l. 
 
Probyn, T. A. and McQuaid, C. D. (1985) In situ measurements of nitrogenous uptake by 
kelp (Ecklonia maxima) and phytoplankton in a nutrient rich upwelling environment. Marine 















Probyn, T. A., Mitchell-Innes, B. A., Brown, P. C., Hutchings, L. and Carter, R. A. 
(1994) A review of primary production and related processes on the Agulhas Bank. South 
African Journal of Science, 90: 166 – 173.  
 
Prosi, F. (1983) Heavy metals in aquatic organisms. Metal pollution in the aquatic 
environment. Berlin: Springer Verlag, 271–318. 
 
Provasoli, L. (1968) Media and prospects for cultivation of marine algae. In Cultures and 
Collections of Algae (Watanabe, A. & Hattori, A., editors), 47 - 74. Japanese Society of Plant 
Physiology, Tokyo. 
 
Provasoli, L. and Printer, I. J. (1980) Bacteria induced polymorphism in an axenic 
laboratory strain of Ulva lactuca (Chlorophyceae). Journal of Phycology, 16:196 – 201.  
 
Rai, L. C., Gaur, J. P. and Kummar, H. D. (1981) Phycology and heavy metal pollution. 
Bio. Rev, 56: 99 – 151.  
 
Ramus, J. (1978) Seaweed anatomy and photosynthetic performance: the ecological 
significance of light guides, heterogenous absorption and multiple scatter. Journal of 
Phycology, 19: 352 – 362.  
 
Ramus, J. (1983) Ecological growth stratergies in the seaweeds Gracilaria foloofera 
(Rhodophyceae) and Ulva (Chlorophyceae). Ph.D. Thesis, Yale University, 151 pg.  
 
Ramus, J and Venable, M. (1987) Temporal ammonium patchiness and growth rate in 
Codium and Ulva (Ulvophyceae). Journal of Phycology, 23: 518 – 523.  
 
Ratana- arpon, P. And Chirapart, A. (2006) Nutritional evaluation of tropical green 















Raven, J.A. (1980) Nutrient Transport in Microalgae. Adv. Microb. Physiol. 21: 47-226. 
 
Raven, J. A. (1984) A cost-benefit analysis of photon absorption by photosynthetic unicells. 
New Phytol., 98: 593-625. 
 
Raven, J. A. and Richardson, K. (1986) Marine Environments. In. Baker, N. R., Long, S. P. 
(Eds), Photosynthesis in Contrasting Environments. Elsevier Sci. Pub. Amsterdam, pp. 337 – 
396.  
 
Raven, P. H., Evert, R. F. and Eichhorn, S. E. (1992) The biology of plants. New York: 
Worth Publishers. 
 
Reed, R. H. (1983) Measurement and osmotic significance of β-
dimethylsulphoniopropionate in marine macroalgae. Mar. Biol. Lett., 4: 173 – 181. 
 
Reed, R. H. and Russel, G. (1978) Salinity fluctuations and their influence on “bottle brush” 
morphogenesis in Enteromorpha intestinalis (L.) Link. British Phycological  Journal,  13:149 
– 153.  
 
Reed, R.H. and Russell, G. (1979) Adaptation to salinity stress in populations of 
Enteromorpha intestinalis (L.) Link. Estuar. Coast. Marine. Science, 8: 251–258. 
 
Rees, T. A. V. (2003) Safety factors and nutrient uptake by seaweeds. Marine Ecology 
Progress Series, 263: 29-42. 
 
Reiskind, J.B., Beer, S., and Bowes, G.  (1989) Photosynthesis, Photorespiration and 
Ecophysiological Interactions in Marine Macroalgae. Aquatic Botany, 34: 131-152. 
 
Riccardi, N. and Solidoro, C. (1996) The influence of environmental variables on Ulva 
















Ricklefs, R. E. and Miller, G. (2000). Ecology. 4
th
 Ed. W. H. Freeman and Co., New York. 
 
Richardson, K., Beardall, J. and Raven, J. A. (1983) Adaptation of unicellular algae to 
irradiance: an analysis of strategies. New Phytol., 93: 157-191 
 
Rivers, J. S. and Peckol, P. (1995) Summer decline of Ulva lactuca (Chlorophyta) in a 
eutrophic embayment: Interactive effects of temperature and nitrogen availability. Journal of 
Phycology, 31: 223-228. 
 
Robertson-Andersson, D.V. (2003) The cultivation of Ulva lactuca (Chlorophyta) in an 
integrated aquaculture system, for the production of abalone feed and the bioremediation of 
aquaculture effluent. MSc Dissertation, University of Cape Town, South Africa. 
 
Robertson-Andersson, D.V. (2007) Biological and econoical feasibility studies of using 
seaweeds I (Chlorophyta) in recirculation systems in abalone farming. PhD thesis. 
Department of Botany, University of Cape Town, South Africa. 327pp. 
 
Robertson-Andersson, D.V., Potgieter, M., Hansen, J., Bolton, J.J., Troell, M., 
Anderson, R.J., Halling, C. and Probyn, T. (2008) Integrated seaweed cultivation on an 
abalone farm in South Africa. Journal of Applied Phycology, 20:579–595. 
 
Robinson, S., Castell, J. and Kennedy, E. (2002) Developing suitable colour in the gonads 
of cultured green sea urchins (Strongylocentrotus droebachiensis). Aquaculture, 206: 289 -
303. 
 
Rodrigues, M.A., dos Santos, C.P., Yoneshigue-Valentin, Y., Strbac, D. and Hall ,D.O. 
(2000) Photosynthetic light-response curves and photoinhibition of the deep-water Laminaria 
abyssalis and the intertidal Laminaria digitata (Phaeophyceae). Journal of Phycology 
36, 97–106. 
 
Roleda M. Y., Wiencke, C. and Luder, U. H. (2006) Imapct of ultraviolet radiation on cell 















zoospores of Arctic Saccorhiza dermatodea, Journal of Experimental Botany, 57: 3847 – 
3856. 
 
Rosen, G., Langdon, C. J. and Evans, F. (2000) The nutritional value of Palmoris mollis 
cultured under different light intensities and water exchange rates for juvenile red abalone 
Haliotis rufescens. Aquaculture, 185: 121 – 136. 
 
Rosenberg, G. and Ramus, J. (1982a) Ecological growth strategies in the seaweeds 
Gracilaria foliifera (Rhodophyceae) and Ulva sp. (Chlorophyceae): Photosynthesis and 
antenna composition. Marine Ecology Progress Series, 8:233 – 241.  
 
Rosenberg, G. and Ramus, J. (1982b) Ecological growth strategies in the seaweeds 
Gracilaria foliifera (Rhodophyceae) and Ulva sp. (Chlorophyceae): soluble nitrogen and 
reserve carbohydrates. Marine Biology (Berl). 66: 251 – 259.  
 
Rosenberg, G. and Ramus, J. (1984) Uptake of inorganic nitrogen and seaweed surface 
area:volume ratios. Aquatic Botany, 19:65 – 72.  
 
Rosenberg, G., Probyn, T. A. and Mann, K. H. (1984) Nutrient uptake and growth kinetics 
in brown seaweeds: response to continuous and single additions of ammonium. Journal of 
Experimental Marine Biology and Ecology, 80: 125 – 146.  
 
Rotmann, K. W. G. (1987) The collection, utilization and potential farming of red seaweeds 
in Namibia. Hydrobiologia, 151/152: 301 – 305. 
 
Ryther, J. H. and Dunstan, W. M. (1971) Nitrogen, phosphorus and eutrophication in the 
















Ryther, J. H. (1977) Preliminary results with a pilot plant waste recycling marine 
aquaculture system. In D’Itri FM (ed.) Wastewater Renovation and Reuse. Marcel Dekker 
Inc., New York: 89 – 132. 
 
Russell-Hunter, W. D. (1970) Aquatic Productivity. The Macmillan Company, London, 306 
pp. 
 
Salo-Väänänen and Koivistoinen (1996) Determination of protein in foods: comparison of 
net protein and crude protein (N x 6.25) values. Food Chemistry, 57: 27 – 31. 
 
Sanchez, C.A. (2007) Phosphorus. Handbook of Plant Nutrition. Taylor & Francis. Boca 
Raton, FL. 
 
Sanchez-Machando, D. I., Lopez-Cervantes, J., Lopez-Hernandez, J. and Losada-
Paseiro, P. (2004) Fatty acids, total lipid, protein and ash contents of processed edible 
seaweeds. Food Chemistry, 85: 439 – 444. 
 
Sánchez-Rodríguez, I., Huerta-Dia, M.A., Choumiline, E., Holguin- Quiñones, O. and 
Zertuche-González, J.A. (2001) Elemental concentrations in different species of seaweeds 
from Loreto Bay, Baja California Sur, Mexico: implication for the geochemical control of 
metals in algal tissue. Environ Pollution, 114: 145–60. 
 
Sand-Jensen, K. (1988) Photosynthetic responses of Ulva lactuca at very low light. Mar. 
Ecol. Prog. Ser. 50: 195-201. 
 
Sales, J. and Britz, P. J. (2001a.) Review; Research on abalone (Haliotis midae L.) 
cultivation in South Africa. Aquaculture Research, 32: 863 - 874. 
 
Sales, J. and Britz, P. J. (2003) Apparent and true availabity of amino acids from common 
feed ingredients for South African abalone (Haliotis midae L). Aquaculture Nutrition, 9(1): 















Sales, J., Truter, P. J. and Britz, P. J. (2003) Optimum dietary crude protein level for 
growth in South African abalone (Haliotis midae L.). Aquaculture Nutrition, 9(2): 85 – 89. 
 
Santelices, B. and Ugarte, R. (1987) Production of Chilean Gracilaria: Problems and 
Perspectives. Hydrobiologia, 151/152: 295 – 299.  
 
Sakurai, T., Kaise, T., Ochi, T., Sayito T. and Matsubara, C. (1997) Study of in vitro 
cytotoxicity of a water soluble organic arsenic compound, arsenosugar, in seaweed. 
Toxicology, 122:205–12. 
 
Schuenhoff, A., Shpigel, M., Lupatsch, I., Ashkenazi, A., Msuya, F. E. and Neori, A. 
(2003) A semi-recirculating, integrated system for the culture of fish and seaweed. 
Aquaculture, 221: 167 – 181. 
 
Sfriso, A. (1995) Temporal and spatial responses of Growth of Ulva ridgida C. Ag. to 
environmental and tissue concentrations of nutrients in the lagoon of Venice. Botanica 
Marina, 38: 557 – 573.  
 
Sfriso, A., Pavoni, B., Marcomini, A. and Orio, A. A. (1991) Macroalgae, nutrient cycles 
and pollutants in the Lagoon of Venice. Estuaries, 15: 517-528. 
 
Sfriso, A. and Pavoni, B. (1994) Macroalgae and phytoplankton competition in the central 
Venice Lagoon. Environmental Technology, 15: 1-14. 
 
Sfriso, A. and Marcomini A. (1996) Decline of Ulva growth in the Lagoon of Venice. 
Bioresource Technology, 58: 299-307.  
 
Sfriso, A., Marcomini, A. and Pavoni, B. (1987) Relationships between macroalgal biomass 
and nutrient concentrations in a hypertrophic area of the Venice Lagoon. Marine 
















Shahidi, F., Metsalach, B. and Brown, J. A. (1998) Carotenoid pigments in seafoods and 
aquaculture, Crit Rev. Food Sci. Nutr., 38: 1 -67. 
 
Shiber, J. G. (1980) Trace metals with seasonal considerations in coastal algae and molluscs 
from Beirut, Lebanon. Hydrobiologia, 69(1-2): 147 – 162. 
 
Shin, H. W. and Smith C. M. (1995) Characteristics of pigments in motile cells of Ulva 
fasciata: In vivo absorption, in vivo flourescence emission and HPLC determination. Journal 
of Phycology, 31:8 pg.  
 
Shpigel, M., Ragg, N. L., Lapatsch, I. and Neori, A. (1999) Protein content determines the 
nutritional value of the seaweed Ulva lactuca L. for the abalone Haliotis tuberculata L. and 
H. discus hannai . Journal of Shellfish Research, 18: 227 - 233. 
 
Shpigel, M., McBride, S. C., Marciano, S., Ron, S. and Ben-Amotz, A. (2005) Improving 
gonad colour and somatic index in the European sea urchin Paracentrotus livid. Aquaculture, 
245: 101 – 109. 
 
Siefermann-Harms, D. (1987) The light-harvesting and protective functions of carotenoids 
in photosynthetic membranes. Physiologia plantarum. 69(3): 561 – 568. 
 
Silva, P. C., Basson, P. W. and Moe, R. L. (1996). Catalogue of the benthic Marine algae of 
the Indian Ocean. University of California Press. Berkeley.  
 
Skrede, G. and Storebakken, T. (1986) Instrumental colour analysis of farmed and wild 
Atlantic salmon when raw, baked and smoked, Aquaculture, 53: 279 – 286. 
 
Smith, P.K., Krohn, R.I. and Hermanson, G.T. (1985) Measurement of protein using 
bicinchoninic acid. Anal. Biochem., 150: 76-85. 
 
Smith, G. (1947) On the reproduction of some Pacific Coast species of Ulva. American 















Smith, S. V. (1984) Phosphorus versus nitrogen limitation in the marine environment. 
Limnology and Oceanography 29: 1149-1160.. 
 
Smit, A. J. and Bolton, J. J. (1999) Organismic determinants and their effect on growth and 
regeneration in Gracilaria gracilis. Journal of Applied Phycology 11 (3): 293 – 299.  
 
Smit, A. J., Fourie, A. M., Robertson, B. L. and Du Preez, D. R. (2003) Control of the 
herbivorous isopod Paridotea reticulata in Gracilaria gracilis tank cultures.  
 
Smit, A.J., Robertson-Andersson, D.V., Peall, S. and Bolton, J.J. (2007) 
Dimethylsulfonioproprionate (DMSP) accumulation in abalone Haliotis midae (Mollusca: 
Prosobranchia) after consumption of various diets, and consequences for aquaculture. 
Aquaculture, 269:377–389. 
 
Smit, A. J., Robertson-Andersson, D. V. and Bolton, J. J. (2010) The effect of macroalgal 
and compound feeds on the sensory quality of cultivated South African abalone, Haliotis 
midae Linnaeus (Mollusca, Gastropoda). Aquaculture Nutrition, 16(6): 590-603 
 
Smith, D.G. and Young, E.G. (1954) Amino acids of marine algae. Journal of Biochemistry, 
217: 845 – 853.  
 
Solorzano, L. (1969) Determination of ammonium in natural waters by the phenol-
hypochlorite method. Limnology and Oceanography. 14:799 – 801. 
 
Sommer T., D’Sousa, F.D. and Morrisy, N.M. (1992) Pigmentation of adult rainbow trout, 
(Oncorhynchus mykiss), using the green alga, Haematococcus pluvialis. Aquaculture, 106:  
63 – 74. 
 
Sosulski, F.W. and Imafidon, G.I. (1990) Amino acid composition and nitrogen-to-protein 
















Sousa, A. I., Martins, I., Lillebø, A. I., Flindt, M.R.. and Pardal, M. A. (2007) Inf luence 
of salinity, nutrients and light on the germination and growth of Enteromorpha sp. spores 
Journal of Experimental Marine Biology and Ecology,  341:142–150. 
 
Spies. J. R. and Chambers, D. C. (1949) Chemical determinations of tryptophan in protein. 
Anal. Chern., 21: 1249. 
 
Stenner, R.D. and Nickless, G. (1975) Heavy metals in organisms of the Atlantic coast of 
SW Spain and Portugal. Marine Pollution Bulletin, 6:89– 92. 
 
Steffensen, D. A. (1976) The effect of nutrient enrichment and temperature on the growth in 
culture of Ulva lactuca L. Aquatic Botany, 2: 337 – 351.  
 
Stegenga, H., Bolton, J. J. and Anderson, R. J. (1997) Seaweeds of the South African West 
Coast. Contributions from the Bolus herbarium. Number 18. 655 pg.  
 
Stephenson, T.A. (1948) The constitution of the intertidal fauna and flora of South Africa. 
Part III. Ann. Natal Mus., 11: 207–324. 
 
Stewart, J. (1977) Effect of lead on the growth of four species of red algae. Phycologia, 
16(1): 31 – 36. 
 
Steyn, P. P. (2000) A comparative study of the production and suitability of two Ulva species 
as abalone fodder in a commercial mariculture system. MSc Thesis. University of Port 
Elizabeth. South Africa. 92pg.  
 
Storelli, M.M., Storelli, A. and Marcotrigiano, G.O. (2001) Heavy metals in the aquatic 
environment of the south Adriatic Sea, Italy, Macroalgae, sediments and benthic species. 
Environ. Int., 26: 505–509. 
 















Svirski, E., Beer, S. and Friedlander, M. (1993) Gracilaria conferta and its epiphytes. II. 
Interrelationships between the red seaweed and Ulva cf. lactuca. Hydrobiologia, 260/261: 
391 – 396.  
 
Talarico, L. and Maranzana, G. (2000) Light and adaptive responses in red macroalgae: an 
overview. Journal of Photochemistry and Photobiology B: Biology 56: 1–11. 
 
Tkachuk, R. (1966) Note on the nitrogen-to-protein conversion factor for wheat flour. 
Cereal Chem., 43: 223-225. 
 
Tkachuk, R. (1969) Nitrogen to protein conversion factors for cereals and oilseed meals. 
Cereal Chemistry, 46: 419 – 423. 
 
Tanner, C. S. (1981) Chlorophyta: Life Histories. In: Lobban, C. S. & Wynne, M. J. (eds.), 
The biology of the seaweeds. Botanical Monographs 17. Blackwell. Oxford. Pg 218 – 247.  
 
Tanner, C. S. (1986) Investigations of the taxonomy and morphological variation of Ulva 
(Chlorophyta): Ulva californica Wille. Phycologia. 25(4): 510 – 520.  
 
Tanner, C. and Wilkes, R. (2005) Ulva Linnaeus 1753: 1163: AlgaeBase. World Wide Web 
electronic publication. www.algaebase.com 
 
Taylor, R. B., Peek, J. T. A. and Rees, T. A. V. (1998) Scaling of ammonium uptake by 
seaweeds to surface area: volume ratio: Geographical variation and the role of uptake by 
passive diffusion. Marine Ecology Progress Series, 169: 143-148. 
 
Taylor, M. W. and Rees, T. A. V. (1999) Kinetics of ammonium assimilation in two 
seaweeds, Enteromorpha spp. (Chlorophyceae) and Osmundaria colensoi (Rhodophyceae). 
















Taylor, R., Fletcher, R. L. and Raven, J. A. (2001) Preliminary studies on the growth of 
selected `green tide' algae in laboratory culture: effects of irradiance, temperature, salinity 
and nutrients on growth rate. Botanica Marina, 44:  327-336. 
 
Templeton, A.R., Crandall, K.A. and Sing, C.F. (1992) A cladistic analysisof phenotypic 
associations with haplotypes inferred from restriction endonuclease mapping and DNA 
sequence data. III. Cladogram estimation. Genetics, 132: 619–633. 
 
Thomas, T. E. and Harrison, P. J. (1985) Effects of nitrogen supply on nitrogen uptake, 
accumulation and assimilation in Porphyra perforata (Rhodophyta). Marine Biology, 85: 
269-278. 
 
Tilbadi, E. and Lanari, D. (1991) Optimal dietary lysine levels for growth and protein 
utilization of fingerling sea bass (Dicentrarchus labrax) fed semipurified diets. Aquaculture, 
95: 297 – 304. 
 
Titlyanov, E. A., Glebova, N. T. and Kotlyarova, L. S. (1975) Seasonal changes in 
structure of the thalli of Ulva fenestrata P. et R. Ekologiya, 9: 36 – 41.  
 
Topcuoğlu, S., Güven, K.C. and Kirbaşoğlu, Ç. (2003) Heavy metal monitoring of marine 
algae from the Turkish Coast of the Black Sea, 1998–2000. Chemosphere, 52:1683–8. 
 
Topinka, J. A. and Robbins, J. V. (1976) Effects of nitrate and ammonium enrichment on 
growth and nitrogen physiology in Fucus spiralis. Limnology and Oceanography, 21: 659 – 
664. 
 
Topinka, J. A. (1978) Nitrogen uptake by Fucus spiralis (Phaeophyceae). Journal of 
Phycology, 14: 241-247. 
 
Torrisen, O. J., Hardy, R. W., Shearer, K. D., Scott, T. M and Stone, F. E. ( 1990) 
Effects of dietary canthaxanthin level and lipid level on apparent digestibility coeficients for 















Troell, M., Halling, C., Neori, A., Chopin, T., Buschmann, A. H., Kautsky, N. and 
Yarish, C. (2003) Integrated mariculture: asking the right questions. Aquaculture, 226(1-
4):69-90. 
 
Troell, M., Robertson-Andersson, D. V., Anderson, R.J., Bolton, J. J., Maneveldt, G., 
Halling C. and Probyn, T. (2006) Abalone farming in South Africa: An overview with 
perspectives on kelp resources, abalone feed, potential for on-farm seaweed production and 
socio-economic importance. Aquaculture 257(1-4): 266-281. 
 
Turpin, D. H. (1991) Effects of inorganic N availability on algal photosynthesis and carbon 
metabolism. Journal of Phycology, 27: 14 –20.  
 
Uki, N. and Watanabe, T. (1992) Review of the nutritional requirements of abalone 
(Haliotis spp.) and development of more efficient artificial diets. In: Shepherd, S. A.; Tegner, 
M. J. and Guzmán del Próo (Eds.) Abalone of the world, Biology Fisheries and Culture. 
Fishing News Books, Cambridge. Pg 504 – 517.  
 
Valente, L.M.P., Gouveia, A., Rema, P., Matos, J., Gomes, E.F. and Pinto, I. S. (2006) 
Evaluation of three seaweeds, Gracilaria bursa-pastoris, Ulva rigida and Gracilaria cornea as 
dietary ingredients in European seabass (Dicentraechus labrax) juveniles. Aquaculture, 252: 
85 – 91. 
 
Valiela, I. (1984) Marine ecological processes. Springer-Verlag. New York, NY. 
 
Valiela, I., McClelland, J., Hauxwell, J., Behr, P. J., Hersh, D. and Foreman, K. (1997) 
Macroalgal blooms in shallow estuaries: controls and ecophysiological and ecosystem 
consequences. Limnology and Oceanography, 42: 1105-1118. 
 
van Assche, F. and Clijsters, H. (1990) Effects of heavy metals on the enzymes activity in 
















van den Hoek, C. (1982a) Phytogeographic distribution groups of benthic marine algae in 
the North Atlantic Ocean. - Helgolinder Meeresunters. 35: 153-214. 
 
van den Hoek, C. (1982b) The distribution of benthic marine algae in relation to the 
temperature regulation of their life histories. - Biol. J. Linn. Soc. Lond. 18:  81-144. 
 
van den Hoek, C., Mann, D. G. and Jahns, H. M. (1995) Algae, An introduction to 
phycology. Cambridge University Press. Cambridge. Pg 390 – 408.  
 
Vandermeulen, H. (1989) A low maintenance tank for the mass culture of seaweed. 
Aquacultural Engineering, 8: 67 – 71.  
 
Vandermeulen, H. and Gordin, H. (1990) Ammonium uptake using Ulva (Chlorophyta) in 
intensive fishpond systems: mass culture and treatment of effluent. Journal of Applied 
Phycology, 2(4): 363 – 374.  
 
Vasquez J.A. and Guerra,  N.  (1996) The use of seaweeds as bioindicators of natural and 
anthropogenic contaminants in northern Chile. Hydrobiologia, 326:327–33. 
 
Vasquez, J. A., Vega, M. A. and Buschmann, A. H. (2006) Long term variability in the 
structure of kelp community in north Chile and the 1997 – 98 ENSO, Journal of Phycology, 
18: 505 – 519. 
 
Venkataraman, L. V. and Shivashankar, S. (1979) Studies on the extractability of proteins 
from the alga Scenedesmus acutus. Arch. Hydrobiologia, 56: 114–126. 
 
Vergara, J.J., Niell, F.X. and Torres, M. (1993) Culture of Gelidium sesquipedale (Clem.) 
Born. et Thur. in a chemostat system. Biomass production and metabolic responses affected 
















Vergara, J. J., Perez-Llorens, J. L., Peralta, G., Hernandez, I. and Niell, F. X. (1997) 
Seasonal variation of photosynthetic performance and light attenuation in Ulva canopies from 
Palmones River estuary. Journal of Phycology, 33: 773-779. 
 
Vermaat, J. E. and Sand-Jensen, K. (1987) Survival, metabolism and growth of Ulva 
lactuca L. under winter conditions: a laboratory study of bottlenecks in the life cycle. Marine 
Biology, 95: 55-61. 
 
Viaroli, P., Naldi, M., Bondavalli, C. and Bencivelli, S. (1996) Growth of the seaweed 
Ulva rigida C. Agardh in relation to biomass densities, internal nutrient pools and external 
nutrient supply in the Sacca di Goro lagoon (Northern Italy). Hydrobiologia, 329: 93-103. 
 
Viera, M. P., Pinchetti, J. L. G., De Vicose, G. C., Bilbao, A., Suárez, S., Haroun, R. J. 
and Izquierdo, M. S. (2005) Suitability of three macroalgae as a feed for the abalone 
Haliotis tuberculata coccinea Reeve. Aquaculture, 248: 75 - 82 
 
Villares, R., Puente, X., and Carballeira, A. (2001) Ulva and Enteromorpha as indicators 
of heavy metal pollution. Hydrobiologia, 462: 221–232. 
 
Villares, R., Puente, X. and Carballeira, A. (2002).Seasonal variation and background 
levels of heavy metals in two green seaweeds. Environmental Pollution, 119: 79–90. 
 
Villares, R. and Carballeira, A. (2004) Nutrient limitation in macroalgae (Ulva and 
Enteromorpha) from the Rías Baixas (NW Spain). Marine Ecology, 25(3): 225-243. 
 
Wahbeh M. I. (1997) Amino acid and fatty acid profiles of four species of macroalgae from 
Aqaba and their suitability for use in fish diets. Aquaculture, 159: 101-109. 
 
Waite, T. and Mitchell, R. (1972) The effect of nutrient fertilization on the benthic alga 
















Wakibia, J. G., Anderson, R. J. and Keats, D. W. (2001) Growth rates and agar properties 
of three Gracilarioids in suspended open-water cultivation in St Helena Bay, South Africa. 
Journal of Applied Phycology, 13: 195 - 207. 
 
Wallentinus, I. (1984) Comparisons of nutrient uptake rates for Baltic macro-algae with 
different thallus morphologies. Marine Biology,, 80: 215 – 225. 
 
Wassef, E. A., El Masry, M. H. and Mickhail, F. R. (2001) Growth enhancement and 
muscle structure of stripped mullet, Mugil cephalus L., fingerlings by feeding algal meal-
based diets. Aquaculture Research, 32 (1):315-322. 
 
Wellburn, A. R. (1994) The spectral determinations of chlorophylls a and b, as well as Total 
carotenoids, using various solvents with spectrophotometers of different resolution. Journal 
of Plant Physiology, 144: 307 – 313.  
 
Wheeler, P. A. and North, W. J. (1980) Effect of nitrogen supply on nitrogen content and 
growth rate of juvenile Macrocystis pyrifera (Phaeophyta) sporophytes. Journal of 
Phycology, 16: 577 – 582. 
 
Wheeler, P.A. and Björnsäter, B.R. (1992) Seasonal fluctuations in tissue nitrogen, 
phosphorus, and N: P for five macroalgal species common to the Pacific Northwest coast. 
Journal of Phycology, 28: 1–6. 
 
Wiencke, C. Clayton, M. N., Gomez, I., Iken, K. Luder, U. H., Amsler, C. D., Karsten, 
U., Hanelt, D., Bischof, K. and Dunton, K. (2006) Life strategy, ecophysiology and ecology 
of seaweeds in polar waters. Rev Environ Sci Biotechnology DOI: 10.1007/s11157 – 006 – 
















Woolcott, G. W. and King, R. J. (1999) Ulva and Enteromopha (Ulvales, Ulvphyceae, 
Chlorophyta) in Eastern Australia: comparison of morphological features and analysis of 
nuclear rDNA sequence data. Australian Systematic Botany, 12: 709 – 725.  
 
Wheeler, W. N., Neushul, M. and Harger, B. W. W. (1981) Development of a coastal 
marine farm and its associated problems. In Levring, T. (ed.). Proceedings of the 10
th 
international seaweed symposium. Walter de Gruyter, Berlin: 631 – 648.  
 
Wheeler, W. N. and Weidner, M. (1983) Effects of external inorganic nitrogen 
concentration on metabolism, growth and activities of key carbon and nitrogen assimilatory 
enzymes of Laminaria saccharina (Phaeophyceae) in culture. Journal of Phycology, 19: 92-
96. 
 
Wheeler, P. A. and Björnsäter, B. R. (1992) Seasonal fluctuations in tissue nitrogen, 
phosphorus, and N: P for five macroalgal species common to the Pacific Northwest coast. 
Journal of Phychology, 28: 1-6. 
.  
Womersley, H. B. S. (1984) The marine benthic flora of southern Australia. Government 
Printer, South Africa. 329 pg.  
 
Wong, K.H. and Cheung, P.C.K. (2001) Nutritional evaluation of some subtropical red and 
green seaweeds Part II. In vitro protein digestibility and amino acid profiles of protein 
concentrates. Food Chemistry, 72: 11-17.  
 
Wong, K. H., Cheung, P. C. K. and Ang, P. O. Jr. (2004) Nutritional evaluation of protein 
concentrates isolated from two red seaweeds: Hypnea charoides and Hypnea japonica in 
growing rats.  Hydrobiologia, 512: 271–278. 
 
Wu, J. T. and Suen, W. C. (1985) Change of algal associations in relation to water 


















Yarish, C. and Edwards, P.  (1982) A field and cultural investigation of the horizontal and 
seasonal distribution of estuarine red algae of New Jersey. Phycologia, 21:112–124. 
 
Yeoh, H.H. and Truong, V.D. (1996a) Amino acid composition and nitrogen-to-protein 
conversion factors for sweet potato. Trop. Sci., 36: 243 – 246. 
 
Yeoh, H.H. and Truong, V.D. (1996b) Protein contents, amino acid compositions and 
nitrogen-to-protein conversion factors for cassava roots. J. Sci. Food Agric., 70: 51 – 54. 
 
Yeoh, H.H. and Watson, I. (1982) Taxonomic variation in total leaf protein amino acid 
composition of grasses. Phytochemistry, 21: 615 – 626. 
 
Yeoh, H.H. and Wee, Y.C. (1994) Leaf protein contents and nitrogen-to-protein conversion 
factors for 90 plant species. Food Chemistry, 49: 245 – 250. 
 
Yokohama, Y. and Kageyama, A. (1977) A carotenoid characteristics of Chlorophycean 
seaweeds living in deep coastal waters. Botanica Marina, 20(7): 433 – 436. 
 
Yokohama, Y. and Misonou, T. (1980) Chlorophyll a: b ratios in marine benthic algae. 
Japanese Journal of Phycology, 28: 219 – 223. 
 
Yokohama, Y. (1981) Distribution of the green light-absorbing pigments siphonaxanthin and 
siphonein in marine green algae. Botanica Marina, 24: 637 – 640. 
 
Zaneveld, J.S. (1969) Factors controlling the delimitation of littoral benthic marine algal 
zonation. Am Zool., 9:367-391. 
 
Zar, J. H. (1999) Biostatistical Analysis. 4
th 
Ed. Prentice-Hall. New Jersey. 663 pg.  
 
Zbikowski, R., Szefer, P. and Latala, A. (2006) Distribution and relationships between 
selected chemical elements in green alga Enteromorpha sp. from the southern Baltic. 
Environmental Pollution, 143 (3): 435–448. 
 
